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Low dissolved oxygen in rivers threatens fish populations, aquatic organisms, and the 
health of entire ecosystems. River systems with high fluvial wetland abundance and organic 
matter may result in high respiration that in conjunction with low re-aeration rates, lead to low 
surface water oxygen conditions.  The increasing abundance of beaver ponds in many areas may 
exacerbate this phenomenon. This study aims to understand the impact of fluvial wetlands, 
including beaver ponds, on dissolved oxygen (D.O.) and metabolism in the Ipswich and Parker 
River Watersheds, MA, USA. In several fluvial wetland dominated systems, we measured diel 
D.O. and metabolism in the upstream inflow, the surface water transient storage zones of fluvial 
wetland sidepools, and at the outflow to understand how the wetlands modify dissolved oxygen. 
D.O. was also measured longitudinally along entire surface water flow paths (0.5 – 1.5 km long) 
to determine patterns of D.O. along continua with varying abundance and distribution of fluvial 
wetlands relative to channel-dominated systems.  Nutrient samples were also collected at each 
scale to understand how their patterns were related to D.O.. D.O. percent saturation within the 
fluvial wetlands showed large diurnal variation, approaching anoxia at night and super saturation 
during the day.  Diurnal variations also occurred in the downstream outflow, but were lagged and 
attenuated.  The magnitude of diurnal variations was determined by flow conditions, which 
affect the level of inundation and interaction between advective and transient storage zones. 
Daily metabolic rates (GPP and ER) were higher within wetlands and at their outflows than at 
the channelized inflows. Wetlands of substantial size located in close proximity (< 100m apart) 
to one another served to decrease D.O. along the stream continuum. Large reductions in D.O. 
concentrations caused by wetlands also corresponded with lower nitrate levels exiting the 
wetlands in areas of high N input. Recent rebound in beaver populations and beaver pond 
 ix 
abundance contributes to shorter channelized reaches between fluvial wetland environments, 
preventing re-aeration, resulting in maintenance of anoxic conditions along stream continua. 
Understanding D.O. behavior throughout river systems has important implications for the ability 
of river systems to remove anthropogenic nitrogen.  
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I. INTRODUCTION 
Human land use, climate change, and landscape change has altered river systems, 
increasing the level of heterogeneity or patchiness within a watershed (Palmer et al. 2013, Poole 
2002). Typically, river systems are conceived as being dominated by channelized streams and 
rivers.  However, riverine environments have large regions where the stream channel is 
connected to fluvial wetlands. According to Ward and Stanford (1983), few riverine ecosystems 
remain free flowing throughout their entire course.  Instead, natural features and regulation from 
impoundments results in an alternating series of lentic and lotic reaches. These lentic/semi-lentic 
environments within the stream channel include pools, fluvial wetlands, and beaver ponds.  
Human activities can alter geomorphology, flow paths, nutrient loads, and ecosystem 
processes within a watershed (Thouin et al. 2009, Nimick et al. 2011, Mulholland et al. 2005, 
O’Brien et al. 2012). Urban and suburban watersheds often contain many lentic reaches due to 
the various forms of impoundments that come with development (Jones et al. 2000, Tank et al. 
2010). Road crossings with inadequate culverts can pool up water upstream of the infrastructure. 
Damming by beavers can also create significant wetland environments (Naiman et al. 2013). 
Regardless of how they are formed, common characteristics of fluvial wetland environments 
include increased levels of organic matter, DOC and light, reduced flow velocities, and 
decreased dissolved oxygen (D.O.) concentrations (Thouin et al. 2009, Jones and Pond 1999, 
Naiman et al. 2013). Within these lentic systems, longer water residence time increases the 
influence of nutrient processing on the chemistry of through-flowing waters, and therefore these 
locations are potential ‘hot spots’ of nutrient processing (O’Brien et al. 2012, Thouin et al. 
2009).  
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Estimates of stream metabolism as primary production and respiration are integrative 
indicators of aquatic ecosystem condition (Mulholland et al. 2005). Metabolism is highly 
regulated by light availability, organic matter quantity and quality (Mulholland et al. 2001, 
Bernot et al. 2010), and hydrology (Roberts et al. 2007). Anthropogenic alterations of headwater 
streams and their riparian zones influence stream metabolism (Young & Huryn, 1999, 
Mulholland et al. 2005), which influences nutrient fluxes and nutrient removal as water moves 
downstream (Wollheim et al. 2014). To date, little is known about the influence of fluvial 
wetlands on stream metabolism and resulting patterns of D.O. in space and time. Previous fluvial 
wetland studies have focused on nutrient, organic matter and sediment dynamics (O’Brien et al. 
2012, Bai et al. 2005, Jones and Pond 1999, Naiman et al. 2013). Organic matter content is much 
higher in fluvial wetlands than the surrounding streams, and has high oxygen demand from 
microbes. This high demand can deplete D.O. at the outflow of the wetland systems.  Ecosystem 
processes (Gross Primary Production (GPP), Ecosystem Respiration (R), Nutrient removal) tend 
to occur at higher rates in fluvial wetlands than in their channelized counterparts (Young and 
Huryn 1999). However, few have investigated fluvial wetlands to understand the magnitude of 
D.O. and nutrient changes observed downstream and along an entire stream continuum. Palmer 
et al. (2013) found that spatial and temporal heterogeneity along streams strongly influences 
patterns of biotic abundance, biomass, or ecosystem processes. Thus, it is important to consider 
the contribution of habitat heterogeneity along the stream continuum to understand 
biogeochemical patterns and ecosystem metabolism throughout river networks. 
River networks in coastal plain watersheds tend to have low dissolved oxygen due to 
shallow slopes and associated high wetland abundance (Thouin et al. 2009). Recent increases in 
beaver abundance may be exacerbating these changes.  For example, in the Ipswich and Parker 
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River watersheds of northeastern Massachusetts, dissolved oxygen percent saturation (D.O. % 
saturation) is low in a number of headwaters and in the upper main stem. In some areas, D.O. 
levels drop to 0.0 % saturation, and remain at low levels for a significant length of stream (W.M. 
Wollheim, Plum Island LTER, unpublished data) threatening fish species and other aquatic life.  
In this region, wetlands are abundant and distributed throughout the river network. Watersheds 
draining wetland environments have been found to have elevated DOC, low D.O., and low NO3
- 
concentrations (Wollheim et al. 2015, Thouin et al. 2009).  Whole ecosystem metabolism has not 
been quantified in these systems, yet is likely an important control in determining these patterns.  
In this study we quantified metabolism in fluvial wetland dominated stream reaches to 
understand their control of D.O. and nutrient patterns.  We report diel patterns and daily net 
changes in D.O. as water flows through four different fluvial wetland dominated systems using 
measurements at the inflow, transient storage zone within the wetland (fluvial wetland 
sidepools), and the outflow.  Our study takes place within the Ipswich River and Parker River 
watersheds over a one-year period, with three measurement periods between summer 2013 and 
2014. We calculated metabolism for each wetland and evaluated their controls. We test the 
following hypotheses: (H1) Fluvial wetlands are a major driver of the low D.O. levels in the 
Ipswich and Parker River Watersheds because they have longer residence times, high organic 
matter, and low re-aeration rates when compared to the main channel; (H2) D.O. levels remain 
low downstream of fluvial wetlands because of relatively short channelized reaches that are 
insufficient for full re-aeration; (H3) larger fluvial wetlands will have higher metabolic 
processing leading to greater depletion of D.O. exiting the system than smaller fluvial wetlands; 
and (H4) fluvial wetlands with greater metabolism and lower D.O. correspond with high nutrient 
processing and high nitrate removal in systems with high nitrate loading. 
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1.1 Study Area 
This study was conducted in headwater streams of the Ipswich and Parker River 
watersheds in northeastern Massachusetts, USA (Fig. 1). These watersheds drain temperate 
forest, wetlands, and suburban areas and serve as primary inputs of freshwater to the Plum Island 
Estuary (Wollheim et al. 2014), which is being studied as part of the Plum Island Ecosystem 
Long Term Ecological Research (LTER) site. The Ipswich and Parker River watersheds are 
typical of the low gradient, poorly drained, coastal landscapes in New England (Baker et al. 
1964). Shallow soils overlie the sand, gravel, and till surficial geology and the igneous and 
sedimentary Paleozoic and Precambrian formations of the bedrock geology (Baker et al. 1964). 
They are located on a coastal plain and therefore have shallow-sloped topography, which results 
in relatively large abundance of wetlands (~20 % of watershed area), many of which are fluvial 
wetlands hydrologically connected to the channel network. For this study, we focused on a 
variety of fluvial wetlands, including beaver ponds and other “naturally” existing wetlands, all of 
which had large surface transient storage zones.  
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Figure 1: Study Area in Northeast MA. Three intensive sites are located in the Ipswich River Watershed and one in 
the Parker River watershed, both of which drain to the Plum Island Estuary. 
 
  Four fluvial wetlands were selected for intensive study of dissolved oxygen patterns, 
metabolism, and nutrient transformations. Three sites are located in the Ipswich River watershed, 
and one in the Parker River watershed (Fig. 1). The four wetlands are located on separate 
headwater streams that drain different land uses. In the Ipswich River watershed, study sites were 
located on the Skug River (Boston Hill Beaver Pond), Fish Brook (Boxford Wetland), and 
Sawmill Brook (Chestnut Wetland).  Boxford Wetland and Boston Hill Beaver Pond are located 
in a primarily forested landscape; both reside in a catchment that is approximately 55 % forested 
and 16% urban land use. Chestnut Wetland is located within a suburban environment (65% 
urban, 21 % impervious draining to SB-Chest-up) and therefore has more nutrient loading. In the 
Parker River watershed, the study site was located on Cart Creek (Cart Creek Beaver Pond) 











site contained large surface transient storage (STS) zones beyond those within constrained 
stream channels. Boston Hill Beaver Pond and Cart Creek Beaver Pond did not contain 
channelized inflows. The Boston Hill Wetland is fed by groundwater inputs, and the inflow to 
Cart Creek Beaver Pond is the outflow of another beaver pond upstream. Both Chestnut Wetland 
and Boxford Wetland had channelized inflows, while all four wetlands had channelized or 
constricted outflows. The overall wetlands were characterized by an assortment of vegetation, 
including marsh macrophytes such as Cattails (Typha spp.), Tussock Sedge (Carex stricta), and 
Purple Loosestrife (Lythrum salicaria), with occasional presence of floating obligates (lemna 
spp., wolffia spp.) and woody species (Cephalanthis occidentalis, Spirea spp.). The specific 
study locations of each wetland were shallow, ranging from 20 – 80 cm with varying vegetative 
characteristics from none to submerged plants (lemna spp.) to emergent vegetation (Typha spp., 
Carex spp.). Substrate in each fluvial wetland was primarily fine benthic material with some 
gravel located at the inflow and outflow. Canopy cover at the sites ranged from open at Boxford, 
Chestnut and Boston Hill to variable at Cart Creek beaver pond.  
 Transects for dissolved oxygen and nutrients along each headwater stream varied in 
length from approximately 3 km – 11 km. Each transect had a different combination of wetland 
and channel dominate reaches.  The Boston Hill Beaver Pond is a large area of beaver pond that 
is the headwater of the Skug River.  Wetland abundance decreases as you move downstream 
from the Boston Hill Beaver Pond.  Boxford wetland is in the Fish Brook watershed.  The 
headwater of Fish Brook is the outflow of Stiles Pond, a moderately sized lake, below which 
fluvial wetlands become abundant, starting with Boxford Wetland.   The outflow of Boxford 
Wetland is channelized, but then soon enters another large wetland complex, before becoming 
channelized again. Chestnut wetland is in the Sawmill Brook/Maple Meadow Brook watershed.  
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Sawmill Brook begins as a channelized urban stream reach before flowing into Chestnut 
Wetland, which is the beginning of a series of large wetland reaches for several kilometers. Cart 
Creek wetland is the last of a series of beaver pond wetlands.  Above the wetland complex, Cart 
Creek is channelized, flows into a large beaver pond west of Rte. 95 where the outflow is a 
culvert that flows under Rte. 95. The culvert drains into another beaver pond complex and Cart 
Creek meanders through active beaver ponds until passing through the small beaver pond that is 
the intensive study site in this study.  Below this beaver pond, the stream becomes channelized 
again through the long term LTER monitoring site on Cart Creek.  
 
II. METHODS 
Dissolved oxygen patterns were measured continuously at 15-minute intervals for 
weeklong periods in each of the four intensive study sites.  Metabolism was quantified using the 
single station diel dissolved oxygen approach (Odum 1956, Grace et al. 2006). Weeklong periods 
were targeted because it is a sufficient duration to estimate average metabolism, as well as 
account for variability due to variation in weather, and possible responses to changes in flow. 
Measurements were taken during summers of 2013 and 2014, and in the fall of 2013 to capture a 
range of light and temperatures. Measurement periods targeted base flow conditions as the period 
when biotic activity was most detectable. However, weather variability during measurement 
periods led a variety of flows and environmental conditions. 
Metabolism was measured using the same study design used by O’Brien et al. (2012) for 
through-flow wetlands. We used HOBO U26 high frequency in situ dissolved oxygen loggers 
(Onset Inc.) to measure diel variation in D.O. and temperature at 15-minute intervals. Where 
possible, four loggers were deployed at each wetland: at the inflow, fluvial wetland sidepool 
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(STS zone), outflow, and further downstream of a channelized recovery reach (Fig. 1). This 
approach was used to evaluate differences between spatial and temporal D.O. patterns as water 
moves into the wetland, resides within wetland sidepools, exits the wetland, and flows through 
channelized reaches further downstream. Odyssey PAR sensors were deployed upstream of each 
D.O. logger at sites deemed representative of the light conditions for each measurement location. 
If the light conditions at the D.O. logger location were representative of the reach draining to the 
D.O. logger, the PAR sensor was co-located at this point. One PAR sensor was set up for each 
D.O. logger. Light is essential for quantifying the mechanisms driving gross primary production 
(GPP) in the system. The outflow of each fluvial wetland was also instrument with HOBO U24 
Conductivity and HOBO U20 stage loggers to characterize variations in flow and chemistry 
(Table 1).  
 
































Summer	2013 June	22nd	-	30th 63.1 23.9 23.9 2836 21.5 13.9 14.1 0.01 8.0 13.3 14.9 0.01
Fall	2013 Oct	31st	-	Nov	14th 3.6 5.4 7.2 295 0.9 12.5 38.1 0.03 0.8 32.1 37.3 1.24
Summer	2014 June	12th	-	20th 3.2 19.6 20.6 2864 5.4 71.4 33.4 0.27 4.1 83.8 33.8 0.17
Summer	2013 May	21st-	28th 33.6 13.8 16.7 2040 15.3 175.6 104.2 0.59 17.9 169.1 119.6 0.59
Fall	2013 Sept	27th	-	Oct	4th 3.8 14.9 14.4 1147 8.1 36.5 210.0 0.54 5.8 46.8 180.5 0.13
Summer	2014 July	17th-	24th 56.4 22.2 21.7 3462 12.4 99.4 266.4 0.62 11.5 114.0 267.1 0.60
Cart	Creek Summer	2014 June	30th	-	July	10th 3.8 21.5 23.9 2721 12.46 243.34 164.35 0.07 10.2 317.0 143.6 0.09
Summer	2013 July	12th	-	Aug	4th 14.8 23.3 23.3 2266 NA NA NA NA 26.7 198.2 19.5 <0.01
Fall	2013 Oct	9th	-	27th 0.1 11.5 12.1 584 NA NA NA NA 8.9 308.8 22.7 0.02









2.1 Site Characteristic Measurements  
Hydraulic characteristics were measured by performing transects for depth and width 
using a wading rod and measuring tape at Boxford, Chestnut, and Cart Creek. Transects were 
performed every 10 m, with 10 measurements per transect. Fluvial wetlands are bordered by 
thick shrub cover and dense foliage, and contain a considerable amount of aquatic vegetation 
within them. Thus, they can be extremely difficult to navigate to make accurate width and depth 
measurements. No transects were measured at Boston Hill Beaver Pond which was not 
wadeable. For this site, GIS wetland data and LiDAR data were merged to delineate the wetland 
boundaries to calculate the surface area. 
 We measured key hydrologic properties of each wetland, including discharge, and 
residence time (Table 1, Table 4). Discharge was measured at the outflow of each wetland during 
various flow conditions using the area velocity method using a SonTek Flowtracker velocity 
meter. The discharge measurements were used to develop a rating curve of discharge vs. stage to 
develop a continuous hydrograph during each measurement period (Fig. A6). Water depth was 
determined from the stage logger and corrected for air pressure using a barometric pressure 
logger located at the PIE LTER Marshview field Station, Newbury MA.  Rhodamine tracer 
studies were used to characterize the residence time and transient storage characteristics of each 
site (Hadley & Kadlec 2007, Giraldi et al. 2009, Deirberg & Debusk 2005, O’Brien et al. 2012).  
A slug of rhodamine was added at the channel inflow of each fluvial wetland system. Rhodamine 
concentration at the outflow of the fluvial wetland was measured using a Turner C3 Fluorometer. 
From here residence time was estimated using the breakthrough curve method (Giraldi et al. 
2009). Fluvial wetland sidepool STS size was estimated by physical wetland transect 
measurements for width, length and depth.  
 11 
2.2 Nutrients  
Grab samples for nutrients were periodically collected at the inflow and outflow of each 
fluvial wetland to understand nutrient transformations by these wetland systems. Grab samples 
were taken roughly three times during each weeklong measurement period on day 0, 3 or 4, and 




-), chloride (Cl-), phosphate (PO4
-), dissolved 
organic carbon (DOC), and total dissolved nitrogen (TDN). DON was determined as TDN - 
(NH4 + NO3). Grab samples were filtered using precombusted 2.5 cm GF/F Filters and placed in 
60 mL acid washed bottles (Thouin et al. 2009). The samples were immediately placed in a 
cooler and then frozen in the lab until analysis. The UNH Water Quality Lab analyzed the 
samples for all of the constituents listed above, using Lachat methods (anions), High temp 
oxidation with chemiluminescent detection (TDN), HTCO (DOC), and QA/QC. 
 
2.3 Dissolved Oxygen Fluxes and Net-Change Estimates 
To evaluate whole system/ fluvial wetland influence on dissolved oxygen, daily fluxes 
were calculated for the inflow and outflow of each system on a mg/day basis using flow-
weighted mean daily D.O. concentrations and average daily discharge. At all sites, discharges 
were assumed identical at the inflow and outflow. This is likely to lead to errors during transient 
storm events, because inflows are likely higher than outflows due to wetland storage.  However, 
our measurements only allowed for discharge estimates at the outflow of each site.  The percent 
change in dissolved oxygen was estimated as (Fluxin – Fluxout) / Fluxin * 100. Negative percent 
change corresponds with the fluvial wetland being a net daily source of oxygen (Fluxout > Fluxin), 
and positive values indicate the system was a net daily sink. Boston Hill Beaver Pond percent 
 12 
D.O. change was computed differently as no observable inflow to the system was found, and the 
stream appears to start as it exits the beaver pond. At this site, the flux into the system was 
estimated assuming inflow percent saturation were similar to Boxford Wetland (~60 %).  The 
results at Boston Hill would be a minimum estimate if inflow dissolved oxygen concentrations in 
groundwater are higher. 
 
2.4 Metabolism Calculations 
The single station metabolism method (Odum 1956) is more commonly applied in 
channelized streams, but has been used in wetland environments with varying degrees of success 
(Cronk and Mitsch 1994, Young and Huryn 1999, Mulholland et al. 2006, O’Brien et al. 2012). 
Given the complexity of fluvial wetlands, we estimated metabolism using the equation described 
in Grace et al. (2015) implemented in R (http://www.r-project.org/) to estimate GPP, R and k.  
The equation provides a whole system estimate of metabolism and incorporates parameters 
controlling the temperature influence on R and k, and PAR influence on GPP.  Model parameters 
for GPP, R and k are fitted using the maximum likelihood estimation (MLE) model fitting 
technique (package nls) in R. In the model GPP, R, and k are estimated for each time step based 









where Delta DO/t is metabolism represented as the change in D.O. over time (g O2 m
-2 15 min-1), 
GPP is the gross primary production rate (g O2 m
-3 15 min-1), PAR is photosynthetically active 
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radiation in umol m-2 15 min-1, e is a parameter that controls light influence on GPP (fixed, Grace 
et al 2015), R is ecosystem respiration (g O2 m
-3 15min-1), 𝜃 is a constant that controls the effect 
of temperature on respiration (fixed, Grace et al. 2015), T is water temperature at the time of 
measurement (degrees C), meanT is average water temperature over the course of the day 
(degrees C), k is the reaeration rate (1/ (15 min)) , DOconc – DOsat represents the saturation deficit 
(mg L-1), and h is water depth (m). The model fit GPP, R, and k for each 15-minute time interval, 
and values were summed to get estimates per day. D.O. was measured by the logger, and D.O. at 
saturation for a given time (DOsat, mg L




∗ 𝐷𝑂𝑐𝑜𝑛𝑐) where measured D.O. % saturation is divided from 100 (100% saturation) 
and multiplied by the measured D.O. concentration at a given time. Water depth (h) was 
measured as described above and assumed constant throughout the day. Good model fits rely on 
a strong diel swing in D.O.. During the fall seasons at some sites (Boxford Wetland, Chestnut 
Wetland) the low diurnal variability made for poor model fits (low r2 values between predicted 
and observed change in D.O.) and unreasonable metabolism numbers. For these measurement 
times, we defined k a priori based on ks estimated when diel variation was greater and when 
discharges were similar (Hall et al. 2016).  To make daily average estimates, model estimates are 
summed for GPP when light is present (approx. 12 hours) in the PAR data, and R is estimated 
over the dark hours and assumed constant during the day while the estimate for k is assumed 
constant day and night.  
The most difficult parameter to estimate accurately in all streams and especially fluvial 
wetland systems using the single station approach is the re-aeration coefficient (k). The nighttime 
regression method (Odum 1956) assumes that the dissolved oxygen concentration is 
representative of the entire reach upstream of the logger and relies on a large diel swing in D.O. 
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to create accurate estimates (Mulholland et al. 2006). The Odum (1956) method assumes that the 
change in oxygen concentration during daytime hours is attributed to gross primary production, 
and oxygen change at night is caused by respiration and reaeration (Owens 1974, Young and 
Huryn 1999, Mulholland et al. 2005). However, within wetlands, lateral exchange of water, 
including advection, will occur between the storage zones and main channel thus influencing 
water temperatures and D.O. concentrations.  The Grace (2015) method eliminates some of this 
uncertainty as it fits the re-aeration parameter simultaneous to the other metabolism parameters, 
including the temperature dependence on both reaeration and respirations (Riley and Dodds 
2013). The outflow location metabolism estimate from diel D.O. is also a combined signal of 
wetland storage and wetland channel and therefore the outflow signal still provides a strong 
estimate of wetland as a whole. In order to account for that sidepool/ main channel exchange, 
only estimates for days when the model performed well as a result of a strong diel signal in D.O. 
were used in the analyses. 
 
2.5 Measurements along Stream Continua 
Transects of D.O., temperature, conductivity, and nutrients along each fluvial wetland 
stream continuum were sampled once during each summer.  Transects were conducted during 
periods of good weather and stable, low flows.  Samples were taken midday during peak light 
periods (10am- 2pm). Transect data was used to evaluate reach scale effects of wetlands on D.O. 
and nutrients as water moves through different sequences of channel and fluvial wetland habitats. 
We analyzed these effects by plotting wetland area between measurement locations and D.O. 
against distance from stream initiation, D.O. % reduction vs. wetland area/ drainage area, and 
change in D.O. between measurement locations vs. wetland size between locations.   
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2.6 Statistical Procedures 
Statistical analyses were conducted using the R statistical analysis package. We evaluated 
metabolism model fits using linear regression between the observed Delta DOconc and the 
modeled Delta DOconc (lm function). This produced an adjusted r-squared and p-value for each 
model run. Metabolism values were used if the model run produced a significant p-value (p < 
0.1) and had a slope close to 1. To understand variability in daily GPP, R, and k within and 
across sites, we also used linear regression against potential explanatory variables (daily PAR, 
mean daily discharge, mean daily water temperature, season, wetland size, and transient storage 
size) using the same linear model approach. Relationships were deemed significant at p < 0.05). 
Given the complexity of estimating ecosystem metabolism in these wetland systems, higher p 
values (p < 0.1) were deemed significant for metabolism estimates from the model runs than the 
relationship of the metabolism estimate to explanatory variables (p < 0.05). 
 To evaluate the controls of percent change in D.O. and nitrate, we compared percent 
change against a variable describing the size of the wetland relative to total upstream watershed 
area.  This variable is a surrogate for residence time, and represents the potential wetland 
influence relative to inputs from upstream. Watershed area was determined for each 
measurement point using a flow accumulation grid derived from 1m LiDAR elevation data for 
the Ipswich and Parker River Watersheds.  Size of the wetland was estimated as described above. 







3.1 Temporal Patterns in Dissolved Oxygen 
 Diel patterns of dissolved oxygen suggest wetlands can both increase and decrease D.O.. 
Three of the four fluvial wetlands (Boxford Wetland, Chestnut Wetland, Cart Creek Beaver 
Pond) increase dissolved oxygen relative to inflow during the day and reduce it at night (e.g. Fig. 
2a). Swings in D.O. (Max D.O. – Min D.O. over 24-hour period) within the wetland are greater 
than those observed in stream channels/wetland inflows (Table 2). For the site with channelized 
inflow (Boxford), diel swings tend to be greatest in the internal wetland sidepools (5.2 mg L-1 
avg.), followed by the outflow that has mixed channel/sidepool signals (4.2 mg L-1 avg.), and are 
smallest at the channelized inflow (1.9 mg L-1 avg.) (Table 2, Fig. 2,).  Boxford and Chestnut 
internal wetland sidepools demonstrate large diel swings during summers, increasing D.O. to 
saturated levels during the day (100 – 120 %), and reducing D.O. to hypoxic levels at night (~ 
0%). Cart Creek beaver pond, located downstream of an extensive beaver pond system, resulted 
in consistent low inflow D.O. and diel swings (1.4 mg L-1 avg.). The wetland greatly increased 
D.O. in the internal wetland sidepool during the day (avg. diel swing = 3.6 mg L-1), which 
contributed to an increase in outflow D.O. relative to inputs at night (low diel swing, but elevated 
outflow D.O. of 4-5mg L-1) (Fig. A4). Although there was diel variation at Cart Creek beaver 
pond, nighttime respirations did not drive down D.O. as much as daytime GPP drove up D.O.. 
Boston Hill beaver pond had continuously depleted D.O. both internally and at the outflow, and 
did not show a diel swing. Only low dissolved oxygen (< 1.0 mg L-1) exited this system (Fig. 
A3).  
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Table 2: Daily swing in D.O. and average environmental conditions during each measurement period for wetlands 


















6/21/13 2.19 6.41 5.51 57.45 4151 25.89
6/22/13 2.43 7.47 5.41 54.53 3435 23.68
6/23/13 2.55 8.46 5.36 47.15 3857 26.14
6/24/13 2.73 8.75 4.54 46.41 3908 27.76
6/25/13 1.92 4.65 4.89 61.78 3843 27.02
6/26/13 2.79 5.04 3.26 61.09 1957 25.03
6/27/13 0.76 2.00 2.47 79.46 1100 21.57
6/28/13 1.28 2.17 3.77 89.38 1870 21.14
6/29/13 1.27 2.61 3.88 77.39 2868 23.96
6/30/13 1.39 4.05 3.62 59.06 3236 25.35
10/31/13 1.17 5.24 3.15 20.44 472 5.41
11/1/13 2.19 2.12 1.23 42.83 406 12.82
11/2/13 0.80 1.33 1.28 38.59 793 10.66
11/3/13 1.72 3.56 4.04 39.17 515 7.5
11/4/13 1.54 1.77 1.62 32.13 866 2.33
11/5/13 1.81 2.95 1.66 28.34 824 2.44
11/6/13 1.71 3.74 2.18 33.28 685 5.83
11/7/13 0.96 2.09 0.87 45.38 333 9.4
11/8/13 1.59 2.03 1.89 53.21 675 5.28
11/9/13 1.08 1.30 0.89 44.71 868 3.77
11/10/13 0.81 2.98 1.13 51.36 465 5.72
11/11/13 1.05 1.88 1.46 46.96 783 4.86
11/12/13 1.51 3.31 2.68 54.02 342 3.7
11/13/13 1.18 1.86 2.08 43.73 623 0.48
11/14/13 1.64 2.30 3.05 45.54 649 1.26
6/12/14 28.40 NA 2.36 5.60 2432 18.18
6/13/14 40.70 NA 4.53 2.80 543 16.7
6/14/14 25.70 NA 2.28 2.28 1611 18.17
6/15/14 31.00 NA 2.59 3.33 3900 19.58
6/16/14 32.10 NA 3.11 4.88 3865 19.5
6/17/14 26.10 NA 3.97 2.73 3498 21.37
6/18/14 20.80 NA 3.82 1.09 3585 22.62
6/19/14 19.80 NA 3.77 1.59 3612 21.47
5/22/13 1.22 NA 1.77 21.10 1420 14.3
5/23/13 1.22 NA 3.25 9.14 1390 14.9
5/24/13 1.15 NA 1.42 33.82 984 16.25
5/25/13 1.83 NA 1.66 47.01 832 13.03
5/26/13 1.09 NA 1.78 34.75 2119 11.2
5/27/13 1.76 NA 2.4 17.03 4207 13.06
5/28/13 1.54 NA 2.93 11.34 3335 14.09
9/27/13 1.57 2.55 1.35 19.48 1770 16.15
9/28/13 2.22 1.98 1.38 17.94 1584 14.8
9/29/13 2.08 3.32 3.44 15.15 1535 15.09
9/30/13 2.29 2.53 3.4 38.04 1436 14.44
10/1/13 2.20 1.65 1.92 69.94 1627 13.39
10/2/13 2.49 1.57 1.9 54.29 1520 14.39
10/3/13 1.80 2.70 2.15 45.80 1380 15.08
10/4/13 2.35 3.53 2.57 43.98 488 14.3
7/17/14 4.52 3.35 4.71 87.31 3616 21.94
7/18/14 5.75 4.41 3.73 49.57 4327 21.20
7/19/14 5.72 3.75 4.11 45.77 2389 19.75
7/20/14 6.29 4.55 4.39 43.05 3370 20.29
7/21/14 6.86 4.31 5.85 3607 21.50
7/22/14 5.57 5.55 112 24
6/30/14 0.63 2.27 1.67 1.50 5791 22.4
7/1/14 0.17 3.82 0.96 1.58 2687 22.2
7/2/14 0 3.86 1.2 1.44 2748 22.93
7/3/14 1.76 4.73 2.1 1.54 2293 21.61
7/4/14 3.43 4.74 3.16 2.48 537 20.02
7/5/14 2.14 3.44 1.16 10.65 3531 20.73











Figure 2: Diurnal profile and drivers of variability in D.O. for Boxford Wetland between June 21, 2013 and 
July 1, 2013. A. D.O. % saturation over time, B. PAR over time, C. Discharge over time. This is an example of 
the diurnal variability observed in the wetlands studied. D.O. swing is greatest within the sidepool zones, 









The magnitude of the diel swing in D.O. in the internal wetland sidepool varied at each 
wetland over time. Summer seasons showed greater diel variability within the wetland (4-8 mg 
L-1) than fall seasons (2-5 mg L-1) across sites (Table 2, Figs. A1 – A4). Boxford wetland showed 
very large swings in D.O. during summer 2013 (Fig. 2), and slightly smaller during summer 
2014.  The decline in diel variability was associated with lower flows in 2014, and less inundated 
fluvial wetland area (Table 1, Fig. A1).  The area of the fluvial wetland system/ channelized 
wetland system was 4,931 m2 in summer 2013 and 310 m2 in 2014, respectively (Table 3).  The 
fall of 2013 showed smaller D.O. swings as well, with flows and wetland inundation area 
similarly low as in summer 2014. The Boxford wetland system was also channelized during this 
time, while temperatures were colder, likely leading to lower metabolism and smaller diel 
variation in D.O. (Fig. A1).  
Chestnut wetland was always inundated and showed consistent diel swings (2.1 mg L-1-
4.6 mg L-1) during both summers (Table 2, Fig. A2). In contrast to Boxford wetland, Chestnut 
wetland showed less diel variation in summer of 2013 than in summer 2014 and Fall 2014. 
During the summer 2014, we quantified inputs to the lower half of Chestnut (381 m2), while in 
2013, we quantified inputs to the entire Chestnut wetland (12,500 m2).  The outflow location was 
identical both years.  Nevertheless, diel swings were greater at the outflow in 2014 than 2013, 
which corresponded with elevated flow (56.4 Ls-1 in 2014 vs. 33.6 Ls-1 in 2013) and warmer 
water temperatures (22.2 C vs. 13.8 C) (Table 2).  Also, in contrast to Boxford, Chestnut had 
large diel swings in the fall; where temperatures remained relatively warm (14.9 C Chestnut, 
compared to 5.4 C Boxford) since the measurement period occurred earlier in the fall compared 
to other sites.  
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Cart Creek Beaver Pond, which was only measured during summer 2014, also showed 
large diel swings within the wetland (Fig. A4). In contrast, Boston Hill Beaver Pond standing 
water and outflow both had continuously low D.O. with little diel variation (Fig. A3). At all sites 
except Boston Hill Beaver Pond, D.O. levels approach saturation within the wetland between 
noon and 2 pm EST during summer seasons. For sites with a predominantly channelized inflow 
(Boxford, Cart Creek, sometimes Chestnut), the sidepool zone is the first to reach peak 
concentrations (12-1 pm), followed by the outflow (1-2 pm), and then the inflow (2-3 pm). 
Saturation deficits are also greatest during nights, with the greatest deficits occurring when the 
previous day had largest increase in D.O. and super-saturation, resulting in the largest diel swing 
(e.g. Fig 2). 
The magnitude of the diel swing within and exported from the wetlands is dependent on 
environmental conditions, including flow or inundation level, water temperature, and light 
availability.  Higher flows, particularly in conjunction with storm events, tend to mute the 
magnitude of the diel swing in the sidepools and at the outflow.  For example, a storm event 
occurred at Boxford wetland on June 27, 2013, flows increased, and D.O. diel variability 
declined, despite greater wetland inundation associated with higher flows (Fig. 2a and 2b).  
Seasonal declines in light and temperatures also mutes the diel swing (Table 2). This was 
especially evident at Boxford, which experienced the largest reduction in light from summer to 
fall (2,836 umol m-2 d-1 to 295 umol m-2 d-1, respectively), but was also true for Chestnut (Table 
1, Fig. A2). The outflow from the Boston Hill Beaver Pond was always nearly anoxic, with no 
diel swing, except certain days during fall when both light and temperature were lower (Fig. A4).  
It is possible that even though light is lower in fall, temperature declines affect R more than GPP.   
During periods of lower light and temperature, diel D.O. patterns become more similar to one 
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another at each measurement location as a result of lower GPP and lower R at all locations. 
Highest light periods and summer seasons lead to greatest diel swing and differences among 
sites, provided that flows are at a level where residence times are sufficient to see a signal, while 
at the same time the wetland is inundated (Fig. 2, Fig. 4).  
 
3.2 Reach-Scale Change in Daily D.O. Fluxes  
Fluvial wetlands can act as both a net source (D.O. flux in < D.O. flux out) and a net sink 
(D.O. flux in > D.O. flux out) of dissolved oxygen depending on spatial position and 
environmental conditions (Table 3). We focus on the percent change in D.O. through the fluvial 
wetland dominated stream reach over daily time steps.  This metric integrates the diel variation.  
A positive percent change indicates that the wetland is a sink and a negative percent change 
indicates a source. Each of the wetlands studied behaved differently in terms of daily D.O. 
percent change (Figs. 3, 4, 5). Boston Hill Beaver Pond is a large net sink of 65 - 100% of D.O. 
inputs (Fig. 3c). Chestnut wetland is also primarily a sink, but varies from -6 % (i.e. a small 
source) to 46 % (i.e. a moderate net sink) (Fig. 3b). Boxford wetland was the most varying from 
-32 % to 25 % net change, acting as either a source or sink depending on various explanatory 
variables (Fig. 3a). Cart creek was consistently a net source during the one measurement period 
in the summer of 2014, ranging from 100-1000 % net source during this time period (Fig. 3d). 
Cart Creek was a consistent source because inputs of D.O. were regularly extremely low (< 15 % 





















Summer	2013 June	22nd	-	30th 4931 -2.8 62.8 4.2 -6.0 60.1
Fall	2013 Oct	31st	-	Nov	14th 367 -23.3 7.6 -156.6 1.9 -4221.3
Summer	2014 June	12th	-	20th 310 12.5 24.2 -17.3 -1.4 35.2
Summer	2013 May	21st-	28th 12500 5.1 -17.3 3.7 -14.8 -1.6
Fall	2013 Sept	27th	-	Oct	4th 6450 26.5 20.3 -0.8 6.0 86.4
Summer	2014 July	17th-	24th 382 16.1 7.0 -14.8 -0.3 3.7
Cart	Creek Summer	2014 June	30th	-	July	10th 575 -229.6 18.3 -30.3 12.6 -38.9
Summer	2013 July	12th	-	Aug	4th 280000 98.0 NA NA NA NA
Fall	2013 Oct	9th	-	27th 280000 91.8 NA NA NA NA






  Net daily D.O. change within fluvial wetland dominated reaches over time is dependent 
on environmental conditions including light, flow, and temperature (Figs. 3, 4, Table 3). At 
Boxford wetland, flow governs whether the wetland is a source or sink during summers (Fig. 3a). 
Higher flows, which occurred during summer 2013, show little net change in mean daily D.O. as 
water flows through the wetland system, while low flows can show both net loss or net gain of 
D.O..  During low flows that occurred during summer 2014, there was a lack of inundation with 
the internal wetland sidepools, so the reach remained a wetland channel.  During this time, the 
wetland was a primarily a moderate sink.  During low flows in autumn of 2014, Boxford wetland 
was a source of D.O. During warm periods with low flows in summer 2014, re-aeration as 
estimated at the wetland outflow is low (0.073 d-1), while GPP is much less than R (Table 5).  As 
a result, the wetland was a net sink for D.O (Fig. 3a).  Although channelized at this time (surface 
area = 321 m2), shallow water depths in the channel (mean = 49 cm) allow for high sediment 
water contact and associated respiration, while GPP is reduced. Thus, during summer 2014, 
Boxford wetland acted as a larger sink relative to higher flows in the summer or during fall of 
2013.  The contrast suggests that the net effect of the wetland at Boxford during high flow 
periods and cooler periods is to add oxygen, or at least offset respiration. During summer 2013, 
moderate to high flows prior to the storm (June 21 – 26, 2013) were associated with extensive 
inundation of the wetland (surface area = 5,330 m2), and resulted in little net change and even a 
slight source of D.O. over daily time scales as water flowed through the fluvial wetland at 
Boxford.  During these flows and time frame, GPP + A were greater than R over daily time 
period.  As flows increased further during the storm however, which was a lower light period and 
bad weather (Table 2), the wetland became a stronger D.O. sink, suggesting that even higher 
flows and inundation result in R increasing faster than GPP and A under these circumstances. 
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When the wetland is inundated during moderate to high flows, good weather allowed for more 
GPP within the wetland, though still less than R, and higher A due to a greater k, leading to the 
system acting primarily as a net source (Fig. 3a, Table 5).  
During the Fall 2013 at Boxford, low flow conditions resulted in the wetland reach being 
a source of D.O., despite low light conditions, suggesting that the balance of GPP, R, and A 
during this time is such that the reach acts as a net source (Fig. 4a, Table 5). Given that k for this 
time period was an a-priori k value from the summer 2014 measurement period, when the system 
was also channelized (0.03/15min), it’s likely that the k values are overestimates since k is 
generally greater in warmer water than in colder water (Langbein & Durum 1967). A lower k 
would make the estimates of both R and GPP slightly lower and likely more similar to one 
another and also more similar to re-aeration. R would be lower than GPP in this case as R is 
driven by temperature which is stable during the measurement period, and R occurs primarily in 
the hyporheic zone, leaving little influence of slight environmental changes on R. GPP occurs 
primarily on the surface with light as its controlling factor in the fall allowing GPP to increase at 
a greater rate than R during the day when the sun is out (Young et. Al 2008, Young and Huryn 





Figure 3: Relationship between D.O. Percent Change and discharge at all four sites. Boxford and Chestnut were influenced by discharge at all measurement 
periods. Boston Hill was a consistent sink in D.O. regardless of flow. Cart Creek showed a slight decrease in acting as a source with increased flow. Two 
different reaches were studied during summer seasons at Chestnut Wetland, the entire reach (700m) for Summer 2013 and the lower wetland reach (400m) 






















































































































Figure 4: Relationship between D.O. Percent Change and Photosynthetically Active Radiation (PAR) at all four sites. Each fluvial wetland responded 
differently to light during each measurement period. Boston Hill and Chestnut were consistent sinks in D.O., while Boxford was highly variable and Cart 
Creek served as a source. Two different reaches were studied during summer seasons at Chestnut Wetland, the entire reach (700m) for Summer 2013 and 

















































































































Unlike Boxford, Chestnut wetland consistently acted as a sink over a range of flows and 
times (Figs. 3b, 4b). During both summers, higher flows led to the Chestnut system being less of 
a D.O. sink, possibly because shorter residence times of water within the wetland (Table 4). 
Unlike Boxford Wetland, the upper region of Chestnut Wetland (Chestnut Pond) remains 
inundated even at low flow levels when the wetland reach as a whole has less surface area. For 
example, Chestnut Wetland’s surface area changes from 12,500 m2 when entire reach is 
inundated to 6,450 m2 when only ponded area is inundated, however the ponded environment is 
still functioning as a smaller wetland, where Boxford loses all wetland area at low flows 
changing from 4,931 m2 when inundated to 310 m2 when channelized. The largest sink period at 
Chestnut Wetland occurred during the low flows of fall 2013, when the wetland was inundated 
but the water was much slower moving, allowing for longer residence times within the sidepool 
zones.  The fall measurements occurred early in fall (prior to leaf fall in late September) when 
temperatures were still warm (14 C air, 14.9 C water), while light was already reduced compared 
to summer (1,147 fall vs. 2,004 umol m-2 day-1 summer) (Table 1). During this time low flows 
(3.8 L s-1) lead to longer residence times of the wetland and a more stagnant environment, thus 
allowing for more processing within the pond and little aeration. Under these conditions, it is 
thus likely that R was higher than GPP + A.  
Cart Creek Beaver Pond was only measured for a short period of time during summer 
2014, but was a source throughout this time (Figs. 3d, 4d). It was the only one of the four sites 
that was a source during the summer.  This wetland was characterized by low input D.O. (close 
to 0% sat), because of multiple beaver pond environments upstream.  In this case, GPP + A is 
likely relatively high, compared to R.  The relatively high GPP relative to R and high re-aeration 
rates (accounting for the strong disequilibrium with atmospheric conditions) resulted in net input 
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of oxygen, despite being a slow moving wetland system. Thus, whether wetlands are a source or 
sink of D.O. is also dependent on the spatial context.  Flow had little influence on the magnitude 
of the D.O. source at Cart Creek (Fig. 3d), although the range of flows was small, and no storms 
occurred during the measurement period.  Higher light lead to the system being a stronger source 
of D.O. to the stream, likely due to increased GPP with light (Fig. 4d).  
Similar to Cart Creek, Boston Hill wetland was uninfluenced by environmental 
conditions (Figs. 3c, 4c). The system was consistently a strong sink, regardless of flow or time of 
year. Boston Hill wetland is a very large headwater beaver pond wetland (~ 280,000 m2) that is 
always inundated regardless of environmental conditions.  Nevertheless, the fall corresponded 
with a slight decrease in the magnitude of the D.O. sink. This period corresponded with lower 
light, lower flows, and colder temperatures, suggesting that a greater decline in R relative to 
GPP.  The lower flows should correspond with greater residence times and lower aeration rates, 
yet this period still resulted in a reduced sink.  Given that Boston Hill wetland is always a strong 
D.O. sink, we can infer that R is much greater than GPP and that re-aeration rates are low, thus 
driving down D.O.  
 
Table 4: Average residence times and corresponding wetland influence at each study site. Residence times were estimated using tracer additions where 
concrete numbers are present. 
Site Date Average	Residence	Time	(hr) DO	%	Removal Wetland	Surface	Area	(m2) Drainage	Area	(m2) WSA:DA Wetland	Type
Boxford 6/22/13 10 -2.8 4931 977737 0.00504 Fluvial
Boxford 6/11/14 3.77 12.5 310 977737 0.00032 Fluvial
Chestnut 9/22/13 moderate 26.5 12500 4647609 0.00269 Fluvial/beaver
Chestnut 7/17/14 0.75 16.1 382 4647609 0.00008 Fluvial
Cart	Creek 7/2/14 10.42 -229.6 575 3500000 0.00016 beaver	pond
Boston	Hill 7/20/13 long 98.0 280000 735543 0.38067 beaver	pond







Figure 5: Relationship between D.O. percent reduction and Wetland surface area/ watershed area. D.O. percent reduction is an average daily value over each 
measurement period. Positive values indicate the wetland system is a sink in D.O., and negative values indicate a source in D.O. Larger wetland areas with 
respect to watershed area upstream of a point lead to greater reduction in D.O.. Two different reaches were studied during summer seasons at Chestnut 








































 The impact of fluvial wetlands on dissolved oxygen flux across systems was related to 
the wetland surface area/watershed area metric, as well as location relative to other wetlands in 
the stream reach (Fig. 5). Boston Hill wetland had the largest wetland surface area to drainage 
area ratio (WSA:DA = 0.38) and the greatest depletion of D.O., with the water exiting the beaver 
dam consistently at 0% saturation. The other sites had much smaller WSA:DA in comparison.  
Chestnut was also regularly a D.O. sink, and had a moderate WSA:DA of 0.002 when the entire 
wetland reach was studied in 2013 (12,500 m2). The single low WSA:DA value at Chestnut was 
for summer 2014, when the lower wetland reach of Chestnut Wetland was studied (381 m2 
wetland surface area) instead of the larger system/entire reach studied in 2013). Boxford was a 
smaller wetland relative to throughputs, WSA:DA ranging from 0.0003 when channelized in 
summer 2014 to 0.005 during the inundated period of summer 2013, and therefore had smaller 
impacts. Cart Creek Beaver Pond, which also had a relatively small WSA:DA (0.00016) was a 
source given that it was located just downstream of a wetland representing a much larger 
WSA:DA, and its inflow water was already stripped of D.O.  
 
 
3.3 Rates of metabolism in fluvial wetlands 
Metabolism estimates were successfully determined using the single station model 
(Equation 1) for Boxford and Chestnut wetlands, with only two successful days for Cart Creek 
Beaver Pond.  During fall 2013, GPP and R could not be estimated at Chestnut Wetland because 
the lack of diel variation, precluded fitting of the metabolism model.  An a-priori k value was not 
used to calculate GPP and R for this time period as the very low flows during the fall of 2013 
were not experienced by the wetland during either summer, like they were for Boxford Wetland 
(Table 1, Fig. 3b). The lack of diel variation resulted in no estimates for Boston Hill Beaver 
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Pond. Therefore, when presenting the metabolism results, the highlighted patterns and results 
will focus primarily on Boxford and Chestnut Wetlands. Rates of metabolism (GPP and R) 
within the fluvial wetlands (sidepool and outflow) of Boxford and Chestnut were elevated 
compared to their channelized input reaches but the magnitude of difference varied with 
environmental conditions (Table 5).  Elevated internal wetland sidepool GPP and R were 
responsible for the large swing in D.O. observed within Boxford and Chestnut Wetlands.  
 
Table 5: Metabolism Estimates for each wetland where the model fits met the criteria (p value < 0.1). Each metabolism component is followed by its standard error (ơ). NS stands for not significant results (p > 
0.1). NA stands for not analyzed and occurred at Boxford wetland because there was no sidepool logger in the fall 2013, or summer 2014 when the system was channelized. * Indicates an a priori average k value 





GPP within the two wetland sidepools (Boxford and Chestnut) ranged from 0.5 – 7.9 g m-
2 d-1, whereas their inputs / reach start for Chestnut Summer 2014 (pond outflow) ranged from 0 
– 2 g m-2 d-1. R within the sidepools ranged from 0.02 – 14.3 g m-2 d-1, with the inputs being 
much lower at 0.0 – 5.7 g m-2 d-1. Re-aeration coefficients across sites (inflow, sidepool, outflow) 
were low and ranged from 0.0 – 0.4 d-1 at each wetland, which is consistent with the shallow 
sloped nature of these systems. There were no clear differences between the re-aeration rates in 
the input vs. the internal wetland sidepools. Although metabolism was not estimated for Boston 
Hill, we can infer that based on the size of the beaver pond and extremely low D.O. exiting the 
system that respiration within the wetland is much higher than GPP. Rates of GPP and R were 
highest during the summer seasons and lower in the fall season at both sites where seasonal 
metabolism was reported (Boxford and Chestnut) (Table 5). This is consistent with the lower diel 
variability in D.O. in the fall seasons (Table 2).    
Boxford and Chestnut Wetlands were net heterotrophic regardless of time of year, or flow 
conditions (P/R ratio <1, Figs. 7, 9). However, the fluvial wetland locations (sidepools, outflows) 
were less heterotrophic than the channelized inputs, due to increased GPP within the internal 
wetland sidepools compared to the input (Table 5).  Patterns in NEP or P:R are consistent with 
the net change in D.O. flux through fluvial wetlands, where inundated wetlands are commonly 
sinks in D.O. but vary in magnitude and can be a source in D.O. depending on explanatory 
variables. For example, lower P/R ratios and more negative NEP estimates during a 
measurement period are associated with days where R is occurring at much greater rates relative 
to GPP, which often are days these systems act as a sink in D.O..  K’s in the internal wetlands 
were not consistently lower than inflow channels as expected, and at times were higher (e.g. 
Boxford Summer 2103, input k 0.03 – 0.16 day-1, sidepool k 0.12 – 0.63 day-1). Boxford NEP 
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greatly declines with increasing flow, likely due to increased k within the wetland, but no such 
pattern is evident at Chestnut (Fig. 6a, b). This may be a function of Chestnut always being 
inundated, and acting as a fluvial wetland. At all sites, daily GPP was also highly correlated with 
R across sites (r2 = 0.9, Fig. A5). Both GPP and R were highest in the internal wetland sidepools 
and intermediate at the outflow of the wetland, which integrates both the wetland channel and 
sidepools.  Inflow locations that were not influenced by wetland ecosystems upstream (Boxford 




Figure 6: Net Ecosystem Production vs. Average daily discharge at A. Boxford, B. Chestnut, C. Cart Creek.  The 
model produced successful metabolism estimates for all measurement periods at Boxford, and only for both 
summers at Chestnut. Flow only influenced NEP at Boxford when the system was inundated in summer 2013. Cart 

















































































   
Figure 7: Wetland P:R ratio vs. Average daily discharge at A. Boxford, B. Chestnut, C. Cart Creek.  The model 
produced successful metabolism estimates for all measurement periods at Boxford, and only for both summers at 
Chestnut. Boxford Wetland P:R ratio shows most variation with discharge when it was inundated in summer 
2013. Chestnut shows slight increase in P:R ratio with increased flow. Cart Creek flows were too low and steady 



































































The degree of heterotrophy of the fluvial wetland as a whole (as measured at the outflow) 
varied between sites. The strength of heterotrophy was strongly influenced by flow and light at 
Boxford Wetland, but not at Chestnut Wetland.  At Boxford, GPP measured at the outflow 
ranged from 0.6 – 5.5 g m-2 d-1 during summers and 0.0 – 0.2 g m-2 d-1 during the fall. R rates 
were consistently greater in summers than fall, ranging from 1.3 – 11.6 g m-2 d-1 during summers 
and 0.4 – 1.0 g m-2 d-1 during fall.  During summer 2013 when Boxford Wetland was inundated 
and flows were moderate, GPP and R occurred at greater rates than when the system was 
channelized the following summer. Boxford NEP became more negative, P:R ratios decreased, 
as discharge increased and the internal wetland sidepools were engaged (Figs. 6a, 7a). . Low 
discharges in the summer 2014 led to a channelized wetland at Boxford, with less negative NEP 
values. Chestnut Wetland was always inundated, and therefore the internal sidepools were 
influencing metabolism, leading to consistent NEP values regardless of flow (Fig. 6b). 
Metabolism estimates were also more similar during both summers at Chestnut compared to 
Boxford, with GPP ranging from 1.6 – 3.7 g m-2 d-1 and R from 3.4 – 7.8 g m-2 d-1. At both sites, 
strong negative NEP values are indicative of respiration dominance, but not necessarily a low 
GPP. Instead, a high R and moderate GPP often characterized wetland metabolism.  Thus, the 
wetland can still act as a very small sink and even a slight source despite greater R in relation to 
GPP, as seen at Boxford and Chestnut in summer 2013.  
Light as measured by PAR, also influenced the level degree of heterotrophy of the fluvial 
wetlands as measured by the outflow (Figs. 8, 9). P:R ratios increased with light at Boxford 
during both summers due to increasing GPP during high light periods (Fig. 9a). P:R ratios in 
summer 2014 at Boxford were similar to 2013, despite the wetland being channelized in 2014. 
Higher light days during this time on average lead to higher GPP relative to R, while R still 
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being dominant.  However, both GPP and R are lower at lower flows in summer 2014 than when 
the wetland was inundated in 2013 (Fig. 7a). Colder temperatures and lower light in the fall 
reduced NEP and P:R at Boxford Wetland as measured at the outflow. At Boxford, NEP is 
driven by absolute changes in metabolic rates and is heavily dependent on inundation of the 
wetland and flow (Fig. 6a). When the wetland is inundated R is much greater than GPP on 
average across various light conditions.   
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Figure 8: Wetland NEP vs. Average daily PAR at A. Boxford, B. Chestnut, C. Cart Creek.  The model produced 
successful metabolism estimates for all measurement periods at Boxford, and only for both summers at Chestnut. 


















































































Figure 9: Wetland P:R ratio vs. Average daily PAR at A. Boxford, B. Chestnut, C. Cart Creek.  The model produced 
successful metabolism estimates for all measurement periods at Boxford, and only for both summers at Chestnut. 



































































Metabolism differed between the two summer measurement periods at Chestnut Wetland, 
despite similar flows, because light conditions differed.  While GPP rates were very similar 
during both summers ranging between 1.6 – 3.7 g m-2 d-1, R was greater on average during 
summer 2013, ranging between 3.9 - 7.9 g m-2 d-1 as opposed to 1.0 - 4.8 g m-2 d-1 in 2014. The 
measurement period during summer 2014 at Chestnut occurred during the peak of summer 
(water temps = 22.2 C in 2014 and 13.8 C in 2013, while light was 3,462 vs. 2040 umol m-2 day-
1), where more diel variability was present, and GPP occurred at similar rates to R (Table 1, 2). 
Unlike Boxford, NEP and P:R in Chestnut wetland show no relationship with discharge during 
either summer (Figs. 6b & 7b). Chestnut metabolism was influenced by light, becoming more 
heterotrophic (NEP became more negative) as PAR increased in the summer of 2013, and less 
heterotrophic with increasing PAR in the summer of 2014 (Fig. 8b, 9b). This is because on a 
high light day during the early summer of 2013, elevated GPP functions to increase D.O. (Table 
2), but R is also elevated and still much greater relative to GPP, thus decreasing D.O.. This 
creates a large diel swing and leads to a strong negative NEP. During this time, P:R ratios 
decreased with increasing PAR, further indicating that although GPP was highest on the sunniest 
days, R was also elevated at the same time (Fig. A5).  This pattern was not observed during 
summer of 2014 when higher light conditions throughout the measurement period as a whole 
lead to GPP estimates being closer to R, and thus less negative NEP. Little relationship between 
PAR and P:R ratio was present during this time.  
Cart Creek had very low flows during the one measurement period in summer of 2014, 
and the metabolism model could only be fit for two of the seven days due to a lack of diel 
variability.  On these days GPP was 0.09 and 0.7 g m-2 d-1, while R was 1.7 and 4.1 g m-2 d-1, 
which falls within the lower range of what was observed at the other wetlands. The difference in 
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flow between the two days was relatively large (8 L s-1 difference), and the higher flow day 
corresponded with similar greater rates of GPP, lower R, and a higher P:R ratio compared to the 
low flow day (Fig 7c). NEP was also less negative on the high flow day (Fig. 6c).  NEP and P:R 
values were within the range found at the other sites. 
 
3.4. Nutrients within fluvial wetlands 
Across sites, average inflow and outflow concentrations of chloride (Cl) (n = 3, paired 
measurement per measurement period for the three sites with inputs) were similar (< 15 % 
change, increase or decrease, between inflow and outflow), indicating rough hydrologic balance 
across the different wetlands (Fig. 10a, Tables 1, 3). Although Boxford changed in size from an 
inundated wetland in summer 2013 to a channelized reach for the other two measurement 
periods, within each measurement period, chloride was similar in the inflow and outflow (< 7 % 
change). Further, there was little evidence of bias (consistent over or underestimates).  At 
Chestnut, Cl slightly increased during summer of 2013 (15 % increase) (Table 3).  Because there 
are no new anthropogenic sources in this reach, this suggests the reach was losing water due to 
evapotranspiration during this time, which is consistent with the declining discharge hydrograph 
over this period. During the following two measurement periods Cl change at Chestnut was less, 
indicating hydrologic balance (6% sink in fall 2013, < 1 % source in summer 2014). Cart Creek 
also showed little change in Cl concentrations (~ 13 % net sink) (Fig. 10, Table 3). Given the 
small percent change in chloride across sites, any larger changes in other nutrients can be 
attributed to biologic activity within the wetland. 
Most sites served as small sinks in phosphate (PO4-) across seasons (< 25 % change) 
(Fig. 10c, Table 1). The slight decrease in phosphorus at the outflows can be attributed to 
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adsorption, plant/algae uptake and microbial assimilation (Song et al, 2005). Phosphorus carried 
in suspended sediments in a stream will settle in the wetland, and in slow moving water the 
microorganisms and plants will utilize it as a food source. At Boxford, the inundation of the 
wetland in summer 2013 measurement period, lead to the system acting as a strong sink in 
phosphate (Fig 10b). There was more than 2.5 times the amount of phosphate at the inflow than 
the outflow (63 % change) (Table 3). This decrease in phosphate can be attributed to adsorption 
from increased organic matter contact and biological uptake by wetland plants in the internal 
wetland sidepools while the system was inundated. Chestnut Wetland was a small source in 
phosphate during summer 2013, likely because the loading at that time was too much for the 
wetland to process. 
At the intensive study sites, average nitrate (NO3-) concentrations were little changed 
between inflow and outflow locations (Table 1). However, the wetlands could act as a strong 
source or strong sink depending on environmental conditions (Table 3, Fig. 10c). Nitrate patterns 
were consistent with the mass balance in D.O. at Boxford, where nitrate tracked D.O. (Table 3). 
During fall seasons, when Boxford wetland was channelized and the greatest source of D.O. it 
was also a strong source in nitrate, and it was a sink in nitrate during the summer of 2014 when it 
was also the largest sink in D.O..  However, Boxford was the strongest sink in nitrate when it 
was inundated during the summer of 2013, a time when the system had little net change in D.O. 
(Fig 10c). Chestnut had the highest N loading and it was a constant sink in D.O.  Nevertheless, 
net nitrate retention also tracked the magnitude of the D.O. sink at this site. When chestnut was 
its largest sink in D.O. (Fall 2013), it was also the greatest sink in NO3-. During this 
measurement period Chestnut showed and 86 % reduction in nitrate, although concentrations 
were low, nitrate was reduced by 0.4 mg from inflow to outflow (Table 3). However, Chestnut 
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was a small source in summer 2013, when the system was also its smallest sink in D.O. (Table3). 
Cart Creek acted as a moderate source in nitrate, but it also had a very small WSA:DA, low NO3 
inputs, and had increasing D.O. concentrations through the reach.  Boston Hill showed the lowest 
nitrate concentrations (< 0 .01 – 0.4 mg L-1) exiting the wetland of any study site, and it had the 
largest WSA:DA. Given no designated inflow for Boston Hill was found the % change in nitrate 
is not reported, but results specify given its low D.O. and nitrate that any loading of nitrate to the 
system was stripped out by the time it reached the outflow. 
The study wetlands tended to be small sources of ammonium (NH4+) when D.O. 
concentrations are low and nitrification is low.  All sites ranged from relatively no change to 
small sources in ammonium (Fig. 10d). In general, ammonium tended to increase as the river 
flows through the wetland and with decreasing wetland size, but concentrations change relatively 
little (< 20 % change) (Table 1). Higher ammonium at the outflow could be caused by high N 
mineralization and low nitrification within the wetlands due to the relatively low D.O. 
concentrations. Boston Hill and Cart creek had the showed highest levels of ammonium at the 
outflow, followed by Chestnut, and then Boxford (Table 1). Boston Hill levels were likely high 
due to the low D.O. and large size of the beaver pond. Cart Creek had high levels at the inflow, 
which could be caused by the large beaver pond upstream. Despite relatively high levels coming 
in, Cart Creek acted as a 30 % source in ammonium during the one measurement period 
(summer 2014), indicating high N mineralization within the reach. Boxford was also a strong net 
source in ammonium during fall 2013 when it was channelized, and was also the greatest source 




Figure 10: Nutrients percent change vs.  Wetland Surface Area/ Watershed area (WSA: DA) across sites. A. Chloride, B. Phosphate, C. Nitrate, D. Ammonium. 
Percent change is an average daily value over each measurement period. Positive values indicate the wetland system is a sink in a wetland nutrient, and 
negative values indicate a source in a nutrient. Larger wetland areas with respect to watershed area upstream of a point lead to greater reduction in Nitrate 
















































































































3.5 Influence of Fluvial Wetlands on D.O. and nutrients along the stream continuum 
Each stream continua (Fig. 1, insets) contained a different configuration of fluvial 
wetland types, and as a result exhibited different patterns in D.O. and nutrients. Fluvial wetland 
dominated reaches along longer river continua (non-shaded areas in Figs. 11-14) generally 
deplete D.O. (Figs. 11, 12) and nitrate concentrations (Figs. 13, 14) and increase ammonium 
concentrations (Figs. 13, 14).  D.O. patterns were similar for each continua in the two years, 
despite differences in flow conditions, and inundation levels of the intensive study sites, 
indicating the effect are repeatable.  Short wetland-dominated reaches and reaches with small 
interstation wetland area (the amount of wetland area between the previous and current 
measurement point/station) had less impact on the D.O. regime than long wetland-dominated 
reaches or large. Long channelized reaches following wetland reaches, such as those present 
after Boston Hill Beaver Pond on the Skug River, were associated with increasing D.O and 
nitrate (Figs. 11b, 13b).    
Fluvial wetlands were not always nitrogen sinks as expected, and instead could vary from 
strong sinks to relatively little change depending on inputs and wetland characteristics. In 
general, nitrate transformations tracked D.O. patterns. The greatest response of nitrogen along 
wetland dominated reaches was in the suburban continuum, Sawmill Brook (Fig. 13c).  Here, the 
large wetland dominated reach, beginning at 2.2 km (at the intensive Chestnut wetland), was 
associated with a decline to 0% D.O. (Figs. 11c, 12c) and 0 mg NO3-N/L (Fig. 13c, 14c). Due to 
the high N loading upstream of this reach (86 % suburban, 0.65 mg NO3-N/L) there is a greater 
amount of nitrate available to be removed.  Therefore, the removal of nitrate is most evident in 
this suburban stream as concentrations prior to wetland influence are much higher than other 
sites. Fish Brook was characterized by low nitrate throughout the continuum, but an increasing 
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trend as water flowed downstream.  Lowest nitrate was observed in the wetland dominated reach 
starting at Boxford Wetland. Cart Creek and Boston Hill contained the highest wetland 
abundance in the form of beaver ponds within the first 1.5 km of the stream continuum. At both 
of these locations very low nitrate were present at the outflows of each beaver pond (Figs. 13b, d, 
14b, d).  
Ammonium followed the opposite pattern of nitrate along the stream continuum. Wetland 
dominated reaches that were characterized by low nitrate typically corresponded with being 
sources in ammonium (Figs. 13, 14). This was especially evident in the larger wetland dominated 
stream reaches present in the Skug River and Sawmill Brook (Figs 13b, c, and 14b, c). Large 
beaver ponds like Boston Hill Beaver Pond had low nitrate and elevated ammonium exiting the 
system. This was also true in the long wetland dominated reaches of Sawmill Brook, starting 
with Chestnut wetland and flowing downstream. Cark Creek showed high ammonium at the start 
of the reach, which was more so channelized in comparison to the large beaver pond system 
below (upstream wetland area = 30, 000 m2 vs. 110, 000 m2), but still had moderate wetland 
influence and low nitrate (Figs 13d, 14d).  Fish Brook was characterized by low ammonium 
throughout the continuum, and a decreasing trend as water flowed downstream.  Highest 
ammonium nitrate was observed in the wetland dominated reach starting at Boxford Wetland 
(Figs 13a, 14a). 
Trends in D.O. and nutrients along each stream continuum were similar during each year.  
Summer of 2013 was wetter than 2014, with the Ipswich gage (USGS 01102000) above the 85-
year average (5.5 m3s-1) at 5.7 m3s-1 average for summer 2013 (June – Sept), and at 1.7 m3s-1 
average for summer 2014.  Thus, patterns in D.O, and nutrients were driven more by land use 
and spatial context of wetlands than by hydrology. Large permanent wetland reaches, such as 
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those in the Skug River, Cart Creek, and Sawmill Brook served to deplete D.O. and nitrate 
regardless of flow and fluctuation in wetland surface area (Figs. 11 – 14). Fish Brook had similar 
patterns between summers as well, but given that Boxford wetland was only a wetland channel 
for summer 2014, greater depletions in D.O. occurred in 2103 when the wetland was inundated, 
accounting for a larger interstation wetland area, than compared to 2104 (Figs. 11a, 12a). 
Overall, along the stream continuum, areas of low D.O. corresponded with low nitrate and 
increased ammonium regardless of landscape, and large permanent wetlands (large interstation 




Figure 11: Summer 2013 transect data for point measurements of D.O. % saturation and interstation wetland area (The amount of wetland area between the 
previous and current measurement point/station) draining to a point on all headwater streams where an intensive site resides. (A. Fish Brook, B. Skug River, 
C. Sawmill Brook, D. Cart Creek). Shaded rectangles represent reaches that are channelized and un-shaded areas represent reaches that are wetland 








































































































































































































































Figure 12: Summer 2014 transect data for point measurements of D.O. % saturation and interstation wetland area (The amount of wetland area between the 
previous and current measurement point/station) draining to a point on all headwater streams where an intensive site resides. (A. Fish Brook, B. Skug River, 
C. Sawmill Brook, D. Cart Creek). Shaded rectangles represent reaches that are channelized and un-shaded areas represent reaches that are wetland 










































































































































































































































Figure 13: Summer 2013 transect data for point measurements of Nitrate (NO3-) and Ammonium (NH4 +) on all headwater streams where an intensive site 
resides (A. Fish Brook, B. Skug River, C. Sawmill Brook, D. Cart Creek). Nitrate is generally low following large wetland areas, especially in the wetland reach 



































































































































































































Figure 14: Summer 2014 transect data for point measurements of Nitrate (NO3-) and Ammonium (NH4 +) on all headwater streams where an intensive site 
resides (A. Fish Brook, B. Skug River, C. Sawmill Brook, D. Cart Creek). Nitrate is generally low following large wetland areas, especially in the wetland reach 





































































































































































































We quantified metabolic rates and dissolved oxygen patterns in a variety of fluvial 
wetlands to better understand the impact of reach-scale heterogeneity on dissolved oxygen and 
nutrients in a coastal watershed. Our study provides a comprehensive analysis of dissolved 
oxygen and metabolism in fluvial wetlands at three scales: site (logger location), fluvial-wetland 
reach (whole system), and tributary (stream continua). Our findings indicate that (1) large diel 
swings in dissolved oxygen are present within fluvial-wetlands under certain environmental 
conditions, which corresponds with intensified metabolism, and affecting D.O. fluxing 
downstream. (2) Over daily time scales, fluvial wetland dominated reaches can be net D.O. sinks 
depending on time and spatial context (H1), but can also be net sources depending on 
environmental conditions or spatial context; (3) Fluvial wetland dominated reaches in succession 
along the stream continuum serve to strip dissolved oxygen and nitrogen from the stream (H2); 
(4) Large fluvial wetlands with respect to drainage area (WSA:DA) have higher metabolic 
processing leading to a greater depletion in D.O. when compared to smaller wetlands (H3), and 
(5) fluvial wetlands with intensified respiration and low D.O. correspond with high nutrient 
processing and nitrate removal in areas of high N loading (H4). 
 
4.1 The effect of fluvial wetlands on dissolved oxygen patterns 
The large diel swings in D.O. within some of the fluvial wetlands occur as a result of 
elevated levels of gross primary production (GPP), elevated ecosystem respiration (R) and low 
re-aeration rates in wetland sidepools relative to channelized streams. Elevated rates of GPP 
during the day are a result of higher light levels within the wetlands relative to the channelized 
streams with a high proportion of canopy cover (Table 1). We know GPP is positively correlated 
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with PAR (Roberts et al. 2007), and high light occurs in wetlands because they have larger 
surface areas and have low proportion of canopy cover, leading to increased GPP. Elevated 
respiration, evident at night, results from microbial activity in the organic rich soils characteristic 
of wetlands, while shallow water depths result in rapid reduction of available D.O. (Young et al. 
2008, Mullholland et al. 1997, Roberts et al. 2007). Respiration from primary producers during 
the night also contributes to the depletion of D.O. (Young et al. 2008, Cronk & Mitsch 1994, 
Maynard et al 2012). Re-aeration (A) within wetlands is low due shallow slopes and associated 
slow moving water (Raymond et al. 2012). Low re-aeration rates in these systems allows for the 
high diel variation, as re-aeration equilibrates conditions only slowly.  Thus, fluvial wetland 
dominated reaches create a new environment with altered ecosystem processes relative to 
channelized streams.  
At the intensive study sites, these changes in ecosystem processing lead to different 
dissolved oxygen patterns, with some wetlands showing very large diel swings and others no diel 
variation (Table 2). Boxford Wetland was the most variable in wetland size and function in D.O. 
removal, yet exhibited consistent diel swings during both summers. At this site, GPP and ER 
were similar to one another (GPP ~ R), allowing for large increases in D.O. throughout the day 
and large declines in D.O. at night (Table 2). Less diel variation was observed at Chestnut 
Wetland, and greater differences in magnitude between R and GPP were present (R >> GPP) 
(Fig. A2). The beaver pond systems behaved differently, and were more stable in wetland size 
and influence on D.O.. No diel variation was present at the outflow of Boston Hill Beaver Pond 
and water exiting the system was consistently at 0 % saturation. This indicates that within the 
beaver pond, R is occurring at much greater rates that GPP (R >>>> GPP) and driving down 
D.O.. Cart Creek Beaver Pond had more diel variation (GPP ~ R), similar to Boxford Wetland, 
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but due to low D.O. entering the wetland, the diel swing in D.O. from GPP during the day 
outweighed the effect of R at night, adding D.O. to the stream. Overall, the continuum of 
channel-fluvial wetland interaction varied across sites, leading to differences in observed D.O. 
patterns.  
Although metabolism was generally intensified within the fluvial wetlands, 
environmental conditions and spatial context were important determinants of diel patterns.  
Dissolved oxygen diel profiles at all sites where greatly influenced by environmental conditions. 
Discharge, light availability (PAR), and temperature were the main drivers of dissolved oxygen 
patterns at all sites, as found in other studies (Bernot et al. 2010, Cronk and Mitsch 1994, 
Roberts et al. 2007, Young and Huryn 1999). Each of these drivers had different levels among 
the sites and measurement periods (Table 1).  
Season, via associated changes in light and temperature, played a large role in the 
wetland influence on dissolved oxygen patterns. At sites with a main wetland channel and 
internal wetland sidepools connectivity (Boxford, Chestnut), summer seasons corresponded with 
large diel swings in D.O., while autumn showed less diel variability. During summer, higher diel 
variability in water temperature also occurred within the internal wetland sidepools and outflow 
wetland locations that were exposed to full light, compared to the inflow (Table 2). High 
variability in temperature can correspond with higher processing (Tank et al. 2011, Roberts et al. 
2007, Maynard et al. 2012) and may be responsible for lateral exchange of water between the 
internal wetland sidepool and main wetland channel, driven by thermal convection (Poindexter 
& Variano 2013).  Thermal convection may be the cause of peak D.O. concentrations occurring 
later in the day at the wetland outflow than the internal wetland sidepools (Fig. 2, Figs. A1-A4). 
When the sidepool water is losing heat, which occurs as air temperatures drop off later in the 
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day, thermal convection can spiral sidepool water into the main wetland channel, thus 
introducing a pulse of higher D.O. water (due to elevated GPP during the day) to the outflow 
location (Poindexter & Variano 2013). This was observed at Boxford, Chestnut, and Cart Creek 
during the summer seasons. Due to the vast size of Boston Hill Beaver Pond, and no internal 
wetland sidepool data, we do not know if the same pattern occurred there. However, given the 
large surface area and presence of multiple sidepool locations, it is likely. In autumn (post leaf 
fall), lower internal wetland temperatures are present throughout the study sites [with the 
exception of Chestnut Fall 2013, which occurred earlier in the fall comparatively (September)], 
and the impact of fluvial wetland dominated reaches on downstream D.O. was minimal. 
Although D.O. concentrations within the study sites were higher on average in autumn, due to a 
greater capacity for water to hold higher concentrations of D.O. at colder temperatures, less diel 
variability was present (Fig. A2). This is because of lower light in the internal wetland sidepools, 
which leads to decreased GPP in autumn (Table 2, Table 5). Also, microbial metabolism and 
organic matter breakdown is also generally lower at lower temperatures in wetlands (Allen et al. 
2002, Young et al. 2008). Thus, the influence of fluvial wetlands on downstream D.O. is reduced 
in the fall.  
Hydrologic conditions served to increase or decrease the impact of fluvial wetlands on 
dissolved oxygen patterns during the summer measurement periods at wetlands with interacting 
wetland channel and their adjacent internal wetland sidepools. Hydrology affects the size and 
connectivity of fluvial wetlands to the advective inputs and outputs in the reach (Cronk & Mitsch 
1994, Tuttle et al. 2008, Maynard et al. 2012). When fluvial wetland systems are flooded during 
moderate/ high flows there is greater contact with riparian vegetation and organic matter, thus 
allowing for greater metabolism via increased photosynthesis and respiration (Maynard et al. 
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2012). When wetlands are inundated, allowing for lateral exchange, we see increased diel 
variability in D.O.. During low flows, water recedes to the central channel with smaller marginal 
wetlands, which affects diel patterns.  The impact on diel patterns will depend on changes in 
GPP, R, aeration, and residence time. In wetlands with stable or steeper margins regardless of 
flow, such as Chestnut and Boston Hill, little riparian area is lost during low flow periods and 
metabolism rates can be similar to what is observed during moderate flows (Table 5). This 
allows for a consistent diel swing in D.O. and D.O. removal (Table 2, Fig. 5). For example, diel 
variability among measurement periods was much less at Chestnut and Boston Hill than at 
Boxford.   In a wetland with shallower, less defined margins, like Boxford Wetland, low flows 
can relate to a significant loss of wetland surface area (Table 3). Boxford Wetland changed from 
an inundated wetland with a surface area of 4,931 m2 during summer 2013 to a wetland channel 
at 310 m2 during summer 2014. This reduced the diel variability at Boxford, with rates of GPP 
decreasing and R being less affected as shallow water depths allowed for high contact with 
organic matter in the existing wetland channel (Table 5, Fig. A1).  
Although moderate flows can lead to higher diel variability, high flows resulting from 
storm events functioned to decrease diel variability across sites, except for Boston Hill. It is 
known hydrologic pulsing in wetlands can reduce diel variation in temperature, and dissolved 
oxygen (Tuttle et al. 2008). Reduced diel variation occurs because GPP declines with the 
reduced light on cloudy days and increased turbidity, and fast flows reduce residence times and 
R, so that processes have less chance to influence D.O. concentrations (Figs. 6, 7) (Roberts et al. 
2007). Under these conditions, daytime D.O. levels and variability are still higher in the internal 
wetland sidepools and at the outflow of the wetland than in the incoming flows. This is because 
light levels in the wetland are greater than the inflow even on a cloudy day, allowing for more 
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photosynthesis to occur, but respiration is the main influence on the observed diel variation at 
this time, as it is less affected by storms than GPP (Roberts et al. 2007). That said, flows need to 
be at a level that allows the study sites to be inundated and interacting with the internal wetland 
sidepools, while moderate enough to keep longer residence times and high light conditions for 
large diel variability to occur and influence D.O. patterns. 
 
4.2 Fluvial wetlands as hot spots for metabolism and net effect on D.O.  
Fluvial wetlands contribute to low dissolved oxygen in coastal watersheds of 
Northeastern MA, but the magnitude of D.O. depletion, or lack thereof, by wetlands and 
consistency of the D.O. sink varies depending on relative magnitudes of GPP, R, and A, which 
depends on spatial context, and environmental conditions (Fig. 15) (Mitch & Gosslink 2002, 
Maynard et al. 2012). Although there are clear differences between the D.O. concentrations at 
the inflow and at the outflow on sub-daily scale, the net fluxes into and out of these systems on a 
daily basis indicate that D.O. depletion may often be minimal (Figs. 3-5).  Further, the degree of 
D.O. depletion depends on its location along the continuum and relative proximity to other 
wetland environments (Figs. 11, 12).  
It is clear that respiration is dominant in fluvial wetland systems, with rates being greater 
than gross primarily production in all cases (P:R ratio <1, NEP <0, Table 5).  However, P:R is 
not as low, and NEP is not as negative, as in some stream channels, which results in smaller net 
D.O. consumption than in some channels (Bernot et al. 2010, Hall et al. 2016, Mulholland et al. 
2005).  For instance, in the streams studied in Bernot et al 2010, GPP ranged from 0.1 – 16.2 g 
m-2 d-1 and R ranged from 0.4 – 23.1 g m-2 d-1. At Boxford and Chestnut Wetlands, inflow GPP 
and R was less variable and lower on average that what was observed in streams (GPP ranging 
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from 0.0 – 2.0 g m-2 d-1, R ranging from 0.5 – 7.9 g m-2 d-1). Within the internal wetland 
sidepools, R estimates were greater (0.02 – 14.3 g m-2 d-1), and could contribute to higher net 
D.O. consumption than stream channels depending on environmental conditions. Although P:R 
was always less than 1, some of the wetlands we studied were nevertheless at times sources of 
D.O. rather than a sink due to re-aeration (Figs. 3, 4).  Even though re-aeration rates were 
relatively low compared to stream channels (0.0-0.4 d-1 in wetlands vs. ~ 2-40 d-1 in streams, 
Bernot et al 2010, Raymond et al 2012), because inputs of D.O. form upstream can be so low 






Figure 15: Schematic of the influence of spatial context on fluvial wetland function as a D.O. sink or source at all sites. Some sites were more permanent 

























 Fluvial wetland type interacts with spatial context and environmental conditions to 
influence metabolism and D.O. impacts (Fig 15). Boxford and Chestnut wetlands each contain a 
defined central wetland channel with marginal wetlands (internal wetland sidepools), whereas 
Boston Hill and Cart Creek are more permanently inundated as the result of beaver influence.  
Boxford and Chestnut were more affected by environmental conditions, had more variable 
dissolved oxygen patterns, and their magnitude as a D.O. source or sink was less consistent than 
the beaver pond systems (Fig. 5, Table 3). Boxford and Chestnut were both preceded by an un-
altered channelized stream reach of considerable length, unlike Boston Hill, which had no known 
stream inputs, and Cart Creek which had another beaver pond immediately upstream. Boston 
Hill was a large consistent D.O. sink, and Cart Creek was a consistent D.O. source. Even though 
we have minimal measurements for Cart Creek and flows were very low during the measurement 
period, slight variability in light and flow did not alter its role as a source (though it did affect its 
magnitude).  It is possible that at higher flows, Cart Creek Beaver Pond would have behaved 
differently, but given the very low D.O. input, GPP and A could still increase D.O. and outweigh 
R enough to maintain the source effect at high flows.  Variable impact across variable 
environmental conditions appears to pertain more to fluvial wetlands where the degree of 
flooding can vary due to hydrology.  
Boxford Wetland shifted between a source and sink of D.O. depending on inundation 
level.  Inundation level is highly dependent on flow, which is in part determined by the 
management at Stiles Pond, located roughly 700 m upstream of Boxford Wetland. Flow and 
inundation level varied greatly between measurement periods (Fig. 3a). Boxford Wetland 
removes more D.O. when channelized during low flows in summer, is a source when flows are 
low during fall, and was neutral when flows were higher in summer and a much greater area of 
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fluvial wetland was inundated (Fig. 3a).  Moderate flow and residence times have been found to 
correspond with the greater rates of GPP, R, and NEP within wetland systems (Maynard et al 
2012, Cronk & Mitsch 1994). At Boxford, ecosystem rates were highest at highest flows, which 
occurred during summer 2013, when internal wetland sidepools were connected and processing 
main channel water (Figs. 6a, 7a). Both GPP and R were elevated during this time, 
corresponding with high NEP (Fig. 6a).  Nevertheless, aeration rates also increased during this 
time (Table 2), so the wetland overall showed no change in daily D.O. mass balance (Figs. 3a, 
5).  
 Sunny weather was present at the beginning of the summer 2013 measurement period at 
Boxford Wetland, which corresponded with the large diel swings in D.O. (Fig. 2, Table 2) and 
high metabolic processing (Table 5). Higher hydraulic loads often support higher rates of GPP 
(Cronk & Mitsch 1994, Maynard et al 2012), and during the first three days of the inundated 
measurement period this was the case. Although R was consistently greater than GPP, moderate 
flows (< 60 L/s) and high light days resulted in the highest P:R ratios, and also increased 
reaeration allowing the system to be a slight source (Figs. 7a, 9a). As discharges increased during 
summer 2013 at Boxford Wetland, further inundation of the fluvial wetland and increased 
contact with riparian sediments lead to a greater increase in respiration relative to GPP and re-
aeration and the system transitioned to no net change in daily D.O.  It is likely that GPP responds 
more slowly to higher flows because primary producer biomass would start off low from 
previous drying, while low light during storms limit the rate of GPP (Tuttle et al. 2008).  
 During Fall 2013 measurement period at Boxford Wetland, slower metabolic rates muted 
the diel variability in dissolved oxygen, possibly compounded by the reduced inundation due to 
lower flows.  Flows and connectivity in Fall 2013 were similar to those occurring the following 
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summer of 2014, and therefore residence times were likely similar (Table 4). During the fall, 
Boxford Wetland was more channelized, with relatively little inundation of fluvial wetland and 
internal wetland sidepools (Table 3). GPP and R were much lower than in summer 2013 or 
summer 2014 due to reduced light and cooler temperatures (Table 5), which corresponded with 
very low NEP during the fall compared to the summers (Figs. 6a, 8a).  Given the similar flows 
and surface area of the wetland reach during fall 2014, it is likely that aeration rates were similar 
to summer 2014.   As a result, net D.O. increased through this fluvial wetland during the fall 
(Figs. 3a, 4a).   
Although Boxford Wetland was also smaller and not connected during summer 2014 
measurement period, increased light intensity and higher metabolic rates within the wetland 
channel compared to Fall 2013 led to a net D.O. sink for the majority of the measurement period 
(Figs. 3a, 4a). It was a larger sink in summer 2014 compared to when it was more channelized 
than in summer 2013 when more of the fluvial wetland was inundated.  This counters the 
hypothesis that wetlands are greater D.O. sinks when inundated and when highest processing is 
occurring. This may occur for several reasons.  First, although the wetland sidepools were not 
connected, the low flows in comparison to the previous summer of 2013 and warm temperatures 
allowed for within channel D.O. to be altered by metabolism, even through metabolism and NEP 
was reduced (Table 5).  Second, the slower flows and reduced surface area could lead to lower 
re-aeration rates, so that negative NEP could result in reduced D.O. consumption (Allen et al. 
2002, Young et al. 2008, Tuttle et al. 2008). 
The impact of Chestnut Wetland on net D.O. fluxes also varied depending on 
environmental conditions, but in contrast to Boxford Wetland was never a source, fluctuating 
between no net change and a strong sink (Figs. 3b, 4b, 5, 15).  In contrast to Boxford Wetland, 
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Chestnut Wetland remained more inundated across a wide range of flows (Table 3). During the 
2103 measurement periods, Chestnut Wetland system included a small, but relatively deep pond 
located within the upper reach, along with fluvial wetlands that contain multiple channel flow 
paths and are filled with aquatic vegetation in the lower reach. The pond helped keep the system 
inundated even at low flows, which were observed in fall 2013. During the summer 2013 
measurement period, flows ranged from 10 – 75 L s-1 and the system was inundated. At 
relatively low flows during summer 2013 (< 40 L s-1), the wetland was roughly in balance for 
D.O., suggesting high light led to relatively greater increase in GPP than R, despite warmer 
temperatures, while the higher flows led to greater aeration (Table 5). As flows increased above 
40 L s-1, the intensity of the sink in D.O. increased as R increased faster than GPP and aeration. 
Very low flows were present during Fall 2013 (< 8 L s-1), and the pond at chestnut retained most 
of the inflow water, leaving the lower reach limited to wetland channels. Chestnut Wetland was 
the strongest D.O. sink during Fall 2013 when flows were lowest (Fig. 3b).  Light at this time 
(late September) was already reduced, while temperatures were still warm, which likely caused 
the pond to be net heterotrophic with R > GPP, while reaeration rates were lower than at higher 
flows (Fig. 4b, Table 5) (Maynard et al. 2012). In summer 2014, the lower wetland reach of 
Chestnut was studied (WSA of 382 m2 vs. 12,500 m2 in Summer 2013), but the observed flows 
were similar (Table 3, Fig. 3b). The wetland was also inundated during this time (Q ~ 40-85 L s-
1), but had greater metabolism and net effect on D.O. (moderate sink) compared to summer 2013. 
Due to the higher light on average compared to summer 2013, and increased surface area (pond 
vs. input channel from 2013), the pond outflow water coming in had more available D.O. from 
increased GPP relative to R compared to the input in 2013, and therefore more could be stripped 
by the wetland below (Table 5).  
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Boston Hill and Cart Creek Beaver Ponds were a consistent D.O. sink or source, 
respectively, although we had less complete measurements at these sites. Boston Hill D.O. 
export was little influenced by the range of environmental conditions experienced during this 
study (Fig. 15).  Boston Hill is a very large beaver pond located in the furthest headwaters of the 
catchment with relatively little watershed area and runoff during storms (high WSA:DA).  As a 
result, wetland processes dominate export conditions even during higher flows.  Because it is 
always a D.O. sink, respiration continuously is far greater than primary production and re-
aeration in the nearly stagnant environment, allowing for extreme depletion in dissolved oxygen. 
In this system GPP probably varied with light availability like at other sites, but levels were 
likely small compared to R. Re-aeration also probably varied less with flow than at other sites 
because the system is always ponded. Cart Cr. was a source of D.O. during this study (Fig. 15), 
but because we only studied it for a limited time, it is unclear whether this is always the case.  It 
is likely that given the relatively large beaver pond just upstream, as with Boston Hill Beaver 
Pond, inflow D.O. may always be greatly reduced.  If so, aeration is likely to always be high 
because D.O. in the incoming water will always be at a large disequilibrium, increasing the rate 
of inputs.  A longer measurement period with greater environmental variability would be needed 
to test this hypothesis.  
 
4.3 Fluvial Wetlands as hot spots for nutrient transformations. 
Fluvial wetlands with greater wetland surface area relative to drainage area (WSA:DA) 
had greater nutrient transformations than those with smaller WSA:DA (Fig. 10).  WSA:DA is a 
rough surrogate for residence time, so the larger the value, the greater the potential wetland 
processes have to alter nutrients (O’Brien et al. 2012, Maynard et al. 2012). Little net change was 
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observed in chloride as water moved through the study sites (< 15 % change, increase or 
decrease, between inflow and outflow), which indicated rough hydrologic balance across the 
different wetlands (Fig. 10a).  Based on this balance, we can infer that nutrient transformations 
are the cause of biogeochemical processing in the wetlands and not dilution. 
Boston Hill Beaver Pond had the largest WSA:DA and stripped the almost all dissolved 
oxygen from the water flowing through it (Fig. 5). The outflow of Boston Hill also had very low 
in nitrate (< 0.1 mg L-1), high in ammonium (> 250 ug L-1) (Figs. 13, 14). Although we did not 
measure inputs, this is consistent with high denitrification and low nitrification of remineralized 
nitrogen (O’Brien et al. 2012, Thouin et al. 2009).  Phosphate export concentrations were always 
higher than all other sites in each season, suggesting that the low oxygen concentrations result in 
desorption and export of phosphate (Song et al. 2007).    
The other fluvial wetland intensive sites, though smaller in size, also had outflow water 
with lower nitrate and higher ammonium than their inputs (Table 1, Fig 10).  Interestingly, 
phosphate tended to decrease at these other sites with increasing WSA:DA.  Boxford Wetland is 
located in an undeveloped watershed with low nutrient inputs, while Chestnut Wetland is in a 
suburban watershed with high nutrient inputs (Wollheim et al. 2005, Wollheim et al. 2014). 
Thus, the high percent retention for nitrate at Boxford Wetland (Fig. 10c) is of a much smaller 
input than for Chestnut Wetland. Cart Creek Beaver Pond is situated just downstream of several 
beaver pond dominated reaches, resulting in very low nitrate and high ammonium inputs.  As a 
result, this reach was a source of nitrate, likely because of increasing nitrification as water was 
re-oxygenated (Fig. 14d).  However, ammonium also increased in this reach, suggesting that 
mineralization was also relatively high, perhaps also because of greater decomposition was water 
re-aerates (Spieles & Mitsch 1999, Stewart et al. 2011). Overall, larger wetlands with higher 
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WSA:DA (i.e. Boston Hill) generally correspond with larger transient storage zones, higher 
levels of organic matter, and lower D.O.. This results in higher nitrate removal due to intensified 
denitrification and increased ammonium from elevated organic matter decomposition compared 
to wetlands with smaller WSA:DA (O’Brien et al. 2012).  
 
4.4 Impact of fluvial wetlands on dissolved oxygen and nutrients along stream continua 
Along stream continua, sections with abundant fluvial wetlands had higher D.O. and 
nitrate declines than sections that were more channelized, which tended to show increases (Figs 
11-14).  In each of the four continua, D.O. declined through the fluvial wetland dominated 
reaches, and increased in those with few wetlands.  Measurements along the continua occurred 
around mid-day, when D.O. is likely at its highest due to daytime GPP, so these measures of 
D.O. response likely represent a minimum.  Since nitrate also experiences diel variation due to 
GPP (Heffernan and Cohen 2010), nitrate declines in wetland dominated reaches are likely also a 
minimum.  Further, the patterns in D.O., nitrate, and ammonium were strikingly similar in the 
two years, even though flow conditions were somewhat different (5.7 vs. 1.7 m3 s-1 in 2013 vs. 
2014).  Thus, the patterns seen during this study are likely general, and could be used to inform 
watershed scale impacts of increasing wetlands in coastal watersheds.    
Nitrate removal was more evident in streams continuums with long wetland dominated 
reaches and low D.O (Figs. 11-14). This was the case in the Sawmill Brook continuum because it 
remained wetland dominated starting at Chestnut Wetland and continuing downstream and it also 
had high nitrate inputs (Figs 13, 14). In shorter wetland dominated reaches, or those that 
fluctuate from wetland to channel (i.e. Fish Brook), less nitrate removal occurred and D.O. 
recovered most likely due to increases in re-aeration relative to net ecosystem production 
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(Langbein & Durum 1967, Roberts et al. 2007, Mulholland et al 2005).  For instance, a small 
WSA:DA reach below a large WSA:DA reach generally show either stable or increasing D.O. 
and nitrate (i.e. Fig. 13a, b).  Nitrate would increase because of increased reaeration, increased 
D.O., and nitfrication in stream channels compared to wetland environments (Thouin et al 2009).  
Thus, the role of wetlands is context dependent as seen at Cart Creek Beaver Pond, which served 
to reoxygenate flow since inflow water was already striped of D.O.. Nitrate can also experience 
stable concentrations because there are no new sources within the reach or terrestrial inputs. 
Similar to the D.O. patterns within the intensive sites, we can infer that the removal of nitrate is 
highly dependent on internal wetland sidepool and main channel connectivity (Spieles & Mitsch 
1999, Maynard et al 2012, Tuttle et al. 2008).     
The shifts from inundated wetland reach to more channelized reaches, like what was 
observed over time at Boxford Wetland, happen through space along stream continua.  These 
fluctuations would impact the net change in D.O., nitrate and ammonium at broader spatial 
scales.  As at Boxford Wetland, spatial fluctuations could also vary through time as a function of 
flow conditions. The continua measurements may not be representative of wetland impact on 
nitrate and D.O. if weather conditions during sampling were not representative. For instance, 
since flow conditions were below average in summer 2014 compared to summer 2013 at 
Boxford, the impact of the wetland may be higher than typical. That said, if environmental 
conditions are not allowing for high internal wetland sidepool connectivity and maximum 
metabolic processing, wetland influence along the continuum could vary (O’Brien et al. 2012, 
Wollheim et al. 2014). The effect of large, more permanent, fluvial wetlands along the 
continuum are more likely to serve as a sink in both dissolved oxygen and nitrate, but sources of 
NH4+ across environmental conditions. The continuum results demonstrate that inundated 
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wetland reaches can be main drivers of low dissolved oxygen issues across shallow sloped 
watersheds like the PIE watersheds in coastal northeaster MA.  
 
4.5 Uncertainty in metabolism estimates 
The model used to estimate metabolism was successful in computing reasonable 
estimates of GPP, R and k. The model produced estimates that fell within the range documented 
in the literature (Bernot et al. 2010, O’Brien et al. 2012). The model worked best at sites where 
the D.O diurnal variations were large and smooth. During fall seasons, the diel swing in D.O. 
was small, and the model could not simultaneously estimate GPP, R, and k (Fig.  A2). Given that 
discharge is documented to be a major driver of the reaeration coefficient (k) (Langbein and 
Durum 1967, Roberts et al. 2007), we specified k from the summer measurement periods under 
similar flow conditions to fit estimates of GPP and ER during the fall where possible. Boxford 
wetland was the only study site that contained similar flow conditions during a summer and fall 
measurement period and therefore was the only location where this approach was used (Table 2). 
 The model had some trouble with short time scale variability in dissolved oxygen that 
often occurs within the wetlands. On some days, pulses of high D.O. appeared within the 
sidepools and at the outflow after peak D.O. periods (Fig 2, Figs. A1, A2, A4), which may be 
driven by delays in lateral exchange between higher D.O. water in the main channel and sidepool 
(Poindexter & Variano 2013). Stream flows during low flow periods can often be lower during 
the day than at night as evapotranspiration removes water during the day but not at night (Nimick 
et al. 2011, Roberts et al. 2007, Pauliukonis and Schneider 2001). This was evident in the 
discharge data at the outflow of each wetland studied (i.e. Fig. 2). However, the magnitude of the 
daily decline is very small, and likely would not affect wetland depth and the influence of the 
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storage zone in the moderately sized wetlands of this study. Further refinement of the model to 
incorporate lateral exchange, using estimates of the hydrologic exchange coefficient (alpha) 
(OTIS – Runkel et al. 1998, Stewart et al. 2011) and channel vs. internal wetland sidepool D.O. 
concentrations could be explored to more accurately compute metabolism in the internal wetland 
sidepools. Also, the measurement period of multiple D.O. loggers within the STS zone would 
greatly improve our understanding of the dissolved oxygen dynamics in these systems and 
improve estimates of fluvial wetland metabolism. Nevertheless, the metabolism model used 
provided reasonable estimates for evaluating the impact of fluvial wetland dominated stream 
reaches on a daily time scale. The diel signal produced by the wetland sidepool was strong and 
reflective of the influence of the sidepool zone over the course of the day. Our metabolism model 
demonstrated that wetlands can at times be hot spots of metabolic processing in the PIE 
watersheds, which can result in lower D.O. and nitrate exiting these systems as initially 
hypothesized.  However, our results also suggest these effects are dynamic in both space and 
time, requiring a more refined view of wetland impacts at watershed scales.    
 
5. CONCLUSION 
 Fluvial wetlands can greatly impact daily variability of D.O. and affect the net transport 
and concentrations of D.O. downstream.  However, their effect is highly dependent on 
environmental conditions, including light, temperature, and flow, and the spatial context within 
the river network. Connections between channels and fluvial wetland sidepools determine 
whether or not the wetland serves to remove nitrate and D.O. as water flows through fluvial 
wetland dominated reaches. When both wetland size and internal wetland sidepool connectivity 
are high (Boston Hill Beaver Pond), or when flows are very low resulting in low reaeration 
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(Boxford Wetland, Chestnut Wetland) dissolved oxygen is consumed at a rate much greater than 
it is produced and therefore outflow water sees hypoxic D.O. concentrations. The distribution of 
fluvial wetland environments along the continuum plays a large role in the D.O. and nutrients 
that reach the larger river mains stems.  Fluvial wetlands located in sequence along a stream 
continua greatly reduce D.O., and in suburban catchments with high nitrate loading, also nitrate. 
In streams and rivers where dissolved oxygen is of concern, D.O. removal via metabolism 
combined with low aeration rates in fluvial wetlands should be considered as cause of low D.O.. 
Low D.O. in the PIE watersheds is natural given the high abundance of wetlands and the low 
slope topography. However, with the expansion of the beaver population in New England, and 
their ability to create or expand on existing fluvial wetlands in short periods of time (Naiman et 
al. 2013), dissolved oxygen for the PIE river networks is likely on average declining and will 
need continual monitoring. Suburban areas with high wetland abundance, such as Sawmill Brook 
are effective at removing nitrogen loading from the river network, especially during periods of 
warm weather (summer season). In these landscapes, further development via road crossings, 
inadequately sized culverts, etc., has the ability to significantly alter flow and further create more 
wetland environments which creates concern for riverine fish species that rely on moderate 
levels of D.O. Recovery of D.O. via channelized reaches downstream of wetland environments is 
essential to maintain fish populations and other aquatic organisms without sacrificing the benefit 
of fluvial wetlands at removing nitrate. In highly urbanized areas, the net effect of low D.O. 
impact on fish habitat vs. nitrate removal should be evaluated at river network scales.  
 73 
REFERENCES 
Allen, W. C., Hook, P. B., Biederman, J. a, & Stein, O. R. (2002). Wetlands and Aquatic Processes Temperature and 
Wetland Plant Species Effects on Wastewater Treatment and Root Zone Oxidation. Journal of Environmental 
Quality, 31, 1010–1016. 
Baker, J., H. Healy, and O. M. Hackett. 1964. Geology and ground-water conditions in the Wilmington-Reading 
area of Massachusetts. U.S. Geological Survey Water Supply Paper 169. US Geological Survey, Reston, 
Virginia. (Available from: http://www.usgs.gov/) 
 
Bai, J., Ouyang, H., Deng, W., Zhu, Y., Zhang, X., & Wang, Q. (2005). Spatial distribution characteristics of 
organic matter and total nitrogen of marsh soils in river marginal wetlands. Geoderma, 124 (1-2), 181–192. 
doi:10.1016/j.geoderma.2004.04.012 
 
Bernot, M. J., Sobota, D. J., Hall, R. O., Mulholland, P. J., Dodds, W. K., Webster, J. R., … Wilson, K. (2010). 
Inter-regional comparison of land-use effects on stream metabolism. Freshwater Biology, 55(9), 1874–1890. 
http://doi.org/10.1111/j.1365-2427.2010.02422.x 
Cronk, J.K. & Mitsch, W.J. (1994). Aquatic metabolism in four newly constructed freshwater wetlands with 
different hydrologic inputs. Ecological Engineering 3, 449–468. 
Dierberg, F. E., Debusk, T. A., & Blvd, G. H. (2005). AN EVALUATION OF TWO TRACERS IN SURFACE-
FLOW WETLANDS : RHODAMINE-WT AND LITHIUM, 25(1), 8–25. 
Giraldi, D., de’Michieli Vitturi, M., Zaramella, M., Marion, A., & Iannelli, R. (2009). Hydrodynamics of vertical 
subsurface flow constructed wetlands: Tracer tests with rhodamine WT and numerical modeling. Ecological 
Engineering, 35(2), 265–273. http://doi.org/10.1016/j.ecoleng.2008.06.004 
Grace, M., & Imberger, S. (2006). Stream Metabolism: Performing & Interpreting Measurements, (September). 
Water Studies Centre, Monash University 
 
Hall, R. O., Tank, J. L., Baker, M. a., Rosi-Marshall, E. J., & Hotchkiss, E. R. (2016). Metabolism, Gas Exchange, 
and Carbon Spiraling in Rivers. Ecosystems, 19(1), 73–86. http://doi.org/10.1007/s10021-015-9918-1 
Headley, T. R., & Kadlec, R. H. (2007). Conducting hydraulic tracer studies of constructed wetlands: a practical 
guide. Ecohydrology & Hydrobiology, 7(3-4), 269–282. http://doi.org/10.1016/S1642-3593(07)70110-6 
Heffernan, J. B., & Cohen, M. J. (2010). Direct and indirect coupling of primary production and diel nitrate 
dynamics in a subtropical spring-fed river. Limnology and Oceanography, 55(2), 677–688. 
doi:10.4319/lo.2009.55.2.0677 
 
Jones, J. W., & Pond, K. (1999). ORGANIC MATTER DYNAMICS IN SEASONALLY INUNDATED, 
FORESTED WETLANDS OF THE GULF COASTAL PLAIN, 148(1), 139–148. 
 
Kosinski, R. (1984). A comparison of the accuracy and precision of several open-water oxygen productivity 
techniques. Hydrobiologia, 119(2), 139–148. doi:10.1007/BF00011953 
 
Langbein, W. B. and Durum, W.H. (1967). The Aeration capacity of streams. Geological survey circular 542 
Maynard, J. J., Dahlgren, R. a., & O’Geen, A. T. (2012). Quantifying spatial variability and biogeochemical controls 
of ecosystem metabolism in a eutrophic flow-through wetland. Ecological Engineering, 47, 221–236. 
http://doi.org/10.1016/j.ecoleng.2012.06.032 
 74 
Mulholland P.J., Fellows C.S., Tank J.L. et al. (2001) Inter- region comparison of factors controlling stream 
metabolism. Freshwater Biology, 46, 1503–1517.  
 
Mulholland, P. J., Houser, J. N., & Maloney, K. O. (2005). Stream diurnal dissolved oxygen profiles as indicators of 
in-stream metabolism and disturbance effects: Fort Benning as a case study. Ecological Indicators, 5(3), 243–
252. doi:10.1016/j.ecolind.2005.03.004 
 
Naiman, R. J., Johnston, C. A., & Kelley, J. C. (2013). Alteration of North American Streams by Beaver, 
Bioscience, 38(11), How animals shape their Ecosystems. 753–762. 
 
Nimick, D. A., Gammons, C. H., & Parker, S. R. (2011). Diel biogeochemical processes and their effect on the 
aqueous chemistry of streams: A review. Chemical Geology, 283(1-2), 3–17. 
doi:10.1016/j.chemgeo.2010.08.017 
 
O’Brien, J. M., Hamilton, S. K., Kinsman-Costello, L. E., Lennon, J. T., & Ostrom, N. E. (2012). Nitrogen 
transformations in a through-flow wetland revealed using whole-ecosystem pulsed 15 N additions, 57(1), 221–
234. doi:10.4319/lo.2012.57.1.0221 
 
Odum, H.T. 1956. Primary production in flowing waters. Limnology and Oceanography 1(2):102-117.  
 
Owens, M., 1974. Measurements on non-isolated natural communities in running waters. In: Vollenweider, R.A. 
(Ed.), A Manual on Methods for Measuring Primary Production in Aquatic Environments. Blackwell 
Scientific Publications, Oxford, UK, pp. 111–119. 
 
Palmer, M. A., Poff, N. L., Journal, S., American, N., Society, B., & Mar, N. (2013). The Influence of 
Environmental Heterogeneity on Patterns and Processes in Streams, 16(1), 169–173. 
 
Pauliukonis, N., & Schneider, R. (2001). Temporal patterns in evapotranspiration from lysimeters with three 
common wetland plant species in the eastern United States, 71, 35–46. 
Poindexter, C. M., & Variano, E. a. (2013). Gas exchange in wetlands with emergent vegetation: The effects of wind 
and thermal convection at the air-water interface. Journal of Geophysical Research: Biogeosciences, 118(3), 
1297–1306. http://doi.org/10.1002/jgrg.20099 
Poole, Geoffrey C. (2002) Fluvial landscape ecology: addressing uniqueness within the river discontinuum. 
Freshwater Biology, 47(4), 641 -660. Blackwell Science Ltd. 
Raymond, P. a., Zappa, C. J., Butman, D., Bott, T. L., Potter, J., Mulholland, P., … Newbold, D. (2012). Scaling the 
gas transfer velocity and hydraulic geometry in streams and small rivers. Limnology and Oceanography: 
Fluids and Environments, 2(1), 41–53. http://doi.org/10.1215/21573689-1597669 
Riley, A. J., & Dodds, W. K. (2013). Whole-stream metabolism: strategies for measuring and modeling diel trends 
of dissolved oxygen. Freshwater Science, 32(1), 56–69. http://doi.org/10.1899/12-058.1 
 
Roberts B.J., Mulholland P.J. & Hill W.R. (2007) Multiple scales of temporal variability in ecosystem metabolism 
rates: results from 2 years of continuous monitoring in a forested headwater stream. Ecosystems, 10, 588–606. 
 
Runkel, R. L. (1998), One-dimensional transport with inflow and storage (OTIS): A solute transport model for 
streams and rivers, U.S. Geol. Surv. Water Resour. Invest. Rep., 98-4018, 73 pp. 
Spieles, D. J., & Mitsch, W. J. (1999). The effects of season and hydrologic and chemical loading on nitrate 
retention in constructed wetlands: A comparison of low- and high-nutrient riverine systems. Ecological 
Engineering, 14(1-2), 77–91. http://doi.org/10.1016/S0925-8574(99)00021-X 
 75 
Song, K. Y., Zoh, K. D., & Kang, H. (2007). Release of phosphate in a wetland by changes in hydrological regime. 
Science of the Total Environment, 380(1-3), 13–18. http://doi.org/10.1016/j.scitotenv.2006.11.035 
Song, K., Lee, S. H., Mitsch, W. J., & Kang, H. (2010). Different responses of denitrification rates and denitrifying 
bacterial communities to hydrologic pulsing in created wetlands. Soil Biology and Biochemistry, 42(10), 
1721–1727. http://doi.org/10.1016/j.soilbio.2010.06.007 
Staehr, P. A., Bade, D., Bogert, M. C. Van De, Koch, G. R., Williamson, C., Hanson, P., Cole, J. J., et al. (2010). 
LIMNOLOGY OCEANOGRAPHY: METHODS Lake metabolism and the diel oxygen technique: State of 
the science, 628–644. doi:10.4319/lom.2010.8.628 
 
Stewart, R. J., Wollheim, W. M., Gooseff, M. N., Briggs, M. a., Jacobs, J. M., Peterson, B. J., & Hopkinson, C. S. 
(2011). Separation of river network-scale nitrogen removal among the main channel and two transient storage 
compartments. Water Resources Research, 47(10), n/a–n/a. http://doi.org/10.1029/2010WR009896 
 
Tank, J. L., Rosi-Marshall, E. J., Griffiths, N. A., Entrekin, S. A., & Stephen, M. L. (2010). A review of 
allochthonous organic matter dynamics and metabolism in streams, 29(February), 118–146. doi:10.1899/08-
170.1 
 
Thouin, J. a., Wollheim, W. M., Vörösmarty, C. J., Jacobs, J. M., & McDowell, W. H. (2009). The biogeochemical 
influences of NO 3 −, dissolved O 2, and dissolved organic C on stream NO 3 − uptake. Journal of the North 
American Benthological Society, 28(4), 894–907. doi:10.1899/08-183.1 
Tuttle, C. L., Zhang, L., & Mitsch, W. J. (2008). Aquatic metabolism as an indicator of the ecological effects of 
hydrologic pulsing in flow-through wetlands. Ecological Indicators, 8(6), 795–806. 
http://doi.org/10.1016/j.ecolind.2007.09.005 
Young, R., Collier, K., Waikato, E., & Strickland, R. (2006). Spatial Variation in Functional Indicators for Non-
Wadeable Streams Non-Wadeable Streams Reviewed by: (July). 
 
Young, R. G., & Huryn, A. D. (1999). EFFECTS OF LAND USE ON STREAM METABOLISM AND ORGANIC 
MATTER TURNOVER. Ecological Applications, 9(4), 1359–1376. 
Young, R. G., Matthaei, C. D., & Townsend, C. R. (2008). Organic matter breakdown and ecosystem metabolism: 
functional indicators for assessing river ecosystem health. Journal of the North American Benthological 
Society, 27(3), 605–625. http://doi.org/10.1899/07-121.1 
Wollheim, W. M., Harms, T. K., Peterson, B. J., Morkeski, K., Hopkinson, C. S., Stewart, R. J., … Briggs, M. a. 
(2014). Nitrate uptake dynamics of surface transient storage in stream channels and fluvial wetlands. 
Biogeochemistry, 120(1-3), 239–257. http://doi.org/10.1007/s10533-014-9993-y 
Wollheim, W. M., Vörösmarty, C. J., Peterson, B. J., Seitzinger, S. P., & Hopkinson, C. S. (2006). Relationship 







Figure A1: Diurnal profiles at Boxford Wetland For Summer 2013, Fall 2013, and Summer 2014. The system was 
























































Figure A2: Diurnal profiles at Chestnut Wetland. Chestnut no has a sidepool logger within the pond during the 
Summer 2013 measurement period. The lower wetland reach was studied in Summer 2014, with two sidepool 




























































Figure A3: Diurnal profiles at Boston Hill Beaver Pond for the two measurement periods (Summer and Fall 2013). 












































Figure A4: Summer 2014 diurnal profiles at Cart Creek. Cart creek was added to the intensive study sites during 


































Figure A5: R vs. GPP at all sites where metabolism was estimated during all measurement periods. R and GPP are 
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